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Abstract
The mechanical behavioiu' of woven fabric-based continuous silicon carbide fibre 
reinforced Pyrex (SiC/Pyrex) and calcium almninosilicate (SiC/CAS) matrix composites 
under quasi-static and cyclic tensile loading has been investigated. Both a plain weave 
and a satin weave architectme were examined for each material type.
Under quasi-static loading for all systems except the low temperatui'e processed Pyrex 
system (which failed prematurely) a linear elastic region was observed up to an applied 
strain of 0.04-0.06%. Above this strain (the matrix microcracking threshold) a reduction 
in the composite modulus was seen. The reduction in composite stiffness is attributed to 
matrix microcracking, and the morphology of matrix microcracking was examined and 
quantified using an edge replication technique. In all systems the matrix microcrack 
density was seen to increase approximately linearly with increasing strain up to failure. 
The corresponding reduction in the composite modulus at failuie was 40-50%.
Assocaited with the damage there is hysteretic beliav iour and an increasing residual 
strain. The strain to failure of the satin weave composites was higher than the plain 
weave composites. In the cyclic fatigue tests the number of cycles to failure decreased 
with increasing pealc sti'ess level. A progressive reduction in the composite modulus 
was seen with cycles even when the applied strain was below the matrix microcracking 
strain tlneshold. It is likely that at strains below this tlneshold there is non-interacting 
matrix microcracking which does not initially affect the composite modulus. However, 
on continued tensile fatigue cycling these microcracks grow tlirough a possible sub- 
critical crack growth mechanism reducing the laminate modulus.
A modified shear lag model was used to model the reduction in composite stiffness as a 
function of the measured matrix crack density. The woven composite was converted to 
an equivalent cross-ply sub-laminate on to which the matrix microcracks were 
superimposed. A model allowing for the presence of microcracks in both the matrix 
and transverse plies gave the best agreement between the experimental and predicted 
reduction in modulus.
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1 Introduction
1 Introduction
1.1 Composite Materials
Some composite materials are natmally occui'ing while others, the majority, are man- 
made. Examples of natmally occnring composites are wood, bone and rock. Early 
man-made composite structures include mud and straw huts. The combination of these 
two dissimilar materials provides a synergistic effect and leads to an effective design of 
shelter that is still used today.
More recent examples of man-made composites are reinforced concrete and plywood. 
Witli the development of modern transportation, lighter and stronger materials have been 
sought and this has driven the development of glass fibre and carbon fibre reinforced 
polymer composites. These two composites offer a higher strength-to-weight ratio than 
the more traditional materials, in paiticular metals. Figure 1.1, from Ashby (1992), 
shows the stiffness of a wide range of materials plotted as a function of their density. 
From this figm*e it can be seen that continuous fibre reinforced polymer composites, 
along with engineering ceramics, offer some of the best specific stiffness values 
(modulus normalised by density). The use of monolithic ceramics is severly limited, 
however, as a result of their inlierent brittleness.
Continuous fibre polymer matrix composites can be of the conventional type 
(unidirectional and cross-ply) or based on woven fabric reinforcement. The latter are of 
increasing interest. Woven fabric composites provide more balanced properties in the 
fibre plane than unidirectional Icuninae. The ease of handling and lower fabrication 
costs have made these composites more attractive, with the additional benefit that the 
bidirectional nature of the fabric offers excellent impact resistance. Another advantage 
of fabric based composites is that they can more readily assmne complex three- 
dimensional shapes.
Returning to ceramics, monolithic ceramics are well known for their refractory 
behavioiu*, low density, chemical inertness, weai* resistance and high stiffness. The 
limitation is low fracture toughness and related issues such as poor thermal shock 
resistance. Despite attempts to improve fiactme properties, e.g. by developments such
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as transformation toughening of zirconia, the touglmess is still low compaied to other 
materials. Reinforcing ceramic matrices, for instance with ceramic fibres, allows 
improved touglmess compared with monolithic ceramics and offers the possibility of 
‘graceful’ rather than catastrophic failure. This is associated witli the development of 
damage under load, notably in the form of matrix micro cracking leading to subsequent 
load transfer within the material. These reinforced ceramic matrix composites (CMCs) 
are receiving greater attention within the composite field.
1.2 Classes of Ceramic Composites
The term ceramic matrix composites covers materials which consist of either a glass or 
ceramic matrix component with either metal, polymer or ceramic reinforcing agent. The 
different types of ceramic matrices can be divided into tliree sub-groups: a crystalline 
(ceramic) matrix, a partially crystalline (glass-ceramic) matrix, a non-crystalline or 
amorphous (glass) matrix. For a glass matrix composite (GMC) the matrix is typically a 
borosilicate glass, e.g. Pyrex. A glass-ceramic matrix composite (GCMC) has a matrix 
that has been vitrified and then ceramed, with the majority of the matrix as the ceramic 
phase. Common types of matrices for a GCMC aie lithium almninosilicate (LAS), 
calcium aluminosilicate (CAS), and barium magnesimn aluminosilicate (BMAS). In a 
ceramic matrix composite (CMC) the matrix consists of a ceramic phase, typical 
matrices aie silicon carbide (SiC) and almnina (AlgO )^.
The reinforcing components for ceramic composites can be split into thiee major groups; 
particulate, whisker and fibre. Generally particulate reinforcement can either be metallic 
or ceramic, depending on the properties required. Whisker reinforcement is usually 
ceramic based, but is used very little now due to die health hazards associated with 
handling. Fibre reinforcement is usually a continuous ceramic-based fibre, the main 
types of continuous fibres are silicon carbide (SiC), carbon (C) and alumina (Al^O )^. 
Depending on the fibre precmsor and processing route, the fibres can have either 
increased modulus, strength or high temperature endm-ance.
Relatively recently (from the mid 1980’s) both a GMC (Pyrex) and a GCMC (CAS)
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matrix reinforced with a woven continuous SiC fibre, Nicalon™ (invented by Yajima 
(1976) and produced cuirently by the Nippon Cai'bon Co. Ltd.) have become available. 
Okamiu'a (1987) presents the metliods for pyrolysis of polycarbosilane into the 
continuous P-SiC fibre Nicalon, and other organometallic polymers into 
ceramic fibres like Tyranno (Si-Ti-C-0). Ishikawa (1994) further 
describes recent developments of the SiC fibre Nicalon including ultra- 
high temperature Hi-Nicalon SiC fibre (with a low oxygen content).
1.3 Continuous fibre CMCs
The range of ceramic mati'ix composites is extremely broad fi'om asbestos cement for 
room temperature use to carbon/carbon composites for extreme refractory applications. 
CMCs offer the potential for advanced engine and aerospace applications, such as gas 
tmbines, since they retain high strength, high stiffness and low density in addition to 
showing tougher behaviour. The interest in these applications has increased over the 
last ten years with the availablity of systems based on the Nicalon SiC fibre such as 
SiC/Pyrex and SiC/CAS. Although these systems themselves may be of limited use, 
their behaviour is likely to be generic, i.e. representative of that which may be seen in 
systems likely to be of more commerical use.
Ceramic matrix composites may be highly anisotropic and understanding the damage 
evolution and damage tolerance is difficult. A major goal of the reseaicli efforts has 
been to imderstand the parameters which control the strength and touglmess of these 
composites. An important factor in the design of ceramic matrix composites is the 
fibre/matrix interface. The essential requirement is that the interface should be "wealc" 
in the sense that it should debond when intersected by a matrix crack rather than be 
sti'ong in which case the lack of debonding will promote fibre failuie. This permits the 
development of matrix cracking as an energy absorbing mechanism. However, matrix 
cracking also reduces the composite stiffness and creates a direct path for enviromnental 
attack, Karandikar and Chou (1993b) and Spearing e t  a l  (1994).
In studying the behaviom* of CMCs it is sensible to try to make use of the understanding
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gained over many yeai's of research in polymer composites. Since to some extent both 
CMCs and polymer matrix composites (PMCs) are brittle matrix systems it might be 
expected that there would be some similarities. In some ways there are: [0/90] type 
laminates in either material will show similar 90“ transverse cracking phenomena, Seer at 
un Nabi and Derby (1988).
Nonetheless, there are significant differences between the damage behaviour of CMCs 
and PMCs, Pryce and Smith (1992,1993,1994), Beyerle e t  a l  (1992), Beyerie. Spearing 
e t  a l  (1992), and Wang and Paiwizi-Majidi (1992). This difference is attributed to the 
ceramic matrices having a much lower strain to failure than the reinforcing fibres, the 
relatively small difference in the fibre and matrix moduli (B/En, = 0.5-5), and the 
fibre/matrix bonding being generally wealc. The majority of the experimental 
investigations so far have centred on the mechanical behaviour of unidirectional and 
cross-ply ceramic matrix composites.
Using woven fabrics in CMCs should present the designer with even greater benefits, 
especially in the area of complex component shapes. However, before woven CMCs 
can find any use their mechanical behaviour must be understood, especially at room 
temperatui'e. There have been investigations into the mechanical behavioiu* of woven 
fibre ceramic matrix composites, in particulai*, Wang e t  a l  (1991a, 1991b) and Kuo and 
Chou (1995b).
1.4 Project Aims and Thesis Outline
The aims of this project are to study and to model the effects of damage in woven 
fabric based CMCs incuired under quasi-static and cyclic loading. To do this, an 
experimental investigation into the mechanical behaviour of glass-ceramic matrix 
composites using two different materials systems, calcium aluminosilicate and Pyrex 
matrix reinforced with silicon car bide fibres was undertalcen. The str ucture of the thesis 
is outlined below.
Chapter 2 presents a review of relevant literature covering previous work on CMCs and
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and some relevant work on PMCs. Chapter 3 explains the different types of materials 
systems and presents the various experimental methods used for this investigation. The 
results of the quasi-static tensile loading of the different ceramic matrix composites are 
presented in chapters 4 and 5. The development of matrix microcracking was quantified 
using an edge replication teclmique and its effect on the stress-strain behaviour and the 
normalised composite modulus is presented. Chapter 6 shows the results of the fatigue 
tensile loading of the calciiun akmiinosilicate matiix composite. The normalised 
modulus and matiix microcracking density are presented as a function of the number of 
cycles, and compaied with the quasi-static data.
In chapter 7 shear-lag theory is used to predict the effect of matrix microcracking on the 
normalised modulus of tlie different composites. The results of different models are 
compaied with the experimental data. The final chapter presents the conclusions 
reached during this project and suggests aieas for future work.
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2 Literature Review
2.1 Introduction
At the outset of this project it was found that previous work on the mechanical 
behavioiu- of woven ceramic matrix composites was limited. Hence the literature review 
has focused mainly on two other areas of literatuie which are anticipated to be relevant. 
These are the mechanical behavioiu of non-woven ceramic matrix composites and the 
mechanical behavioiu of woven polymer matrix composites.
The review of the literature concerned with non-woven CMCs (section 2.2) covers the 
main models developed to predict matrix cracking in brittle matrix composites (these are 
drawn from the CMC and where relevant, PMC literatur e) and a discussion of the 
characteristic aspects of the mechanical behavioiu of non-woven ceramic matrix 
composites.
An extensive amount of work has been published, especially concerned with PMCs on 
non-woven continuous fibre laminates such as unidirectional (UD) and cross-ply. Many 
different models have been proposed to explain the mechanical behavioiu of PMCs 
under various loading regimes. The early theory of fractiue in PMCs is relevant to the 
understanding of the many matrix microcracking models proposed for non-woven 
CMCs. Evans and Zok (1994) have recently reviewed the mechanics of brittle matrix 
composites.
Earlier published work on the mechanical behavioiu of CMCs was concerned with the 
Pyrex and LAS composite systems. Recently a large amount of work has been 
published on unidirectional and cross-ply SiC fibre/CAS matrix (SiC/CAS) composite 
systems. This work has concentrated on the mechanical behaviour (under quasi-static, 
cyclic and static fatigue loading) and modelling of the properties.
The section of the review concerned witli woven fabric systems (section 2.3) begins 
with a discussion of the fibre architectiue in a woven fabric laminate. This is followed 
by an examination of the published literature concerned with modelling the moduli of 
woven polymer matrix composites and the damage that occurs in these composites under
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load. Finally there is a review of the published literatiue of woven continuous fibre 
CMCs.
2.2 Non-Woven Ceramic Matrix Composites
2.2.1 Introduction
For continuous fibre ceramic matrix composites to be used in engineering applications 
an understanding of their mechanical behaviour is required, together with appropriate 
analytical models. There are, in the literature, a number of models for predicting the 
cracking behavioui’ in unidirectional laminates and in cross-ply laminates. Because the 
development of these models pre-dates the recent interest in CMCs they ar e discussed in 
the next sections 2.2.2 and 2.2.3, prior to discussion concerning observation of damage 
in SiC/Pyrex and SiC/CAS. To apply these models correctly requires a knowledge of 
behaviour and data relating to the mechanical properties of the fibre, matrix and 
interface of the composite (reviewed by Evans and Marshall (1989), and Evans and Zok 
(1990)). A review of the ciurent understanding of both SiC/Pyrex and SiC/CAS 
laminates mider tensile loading is presented in sections 2.2.4 and 2.2.5. A substantial 
amount of published work is on the mechanical behaviour of SiC/CAS laminates, in 
particulai' issues concerned with the fibre/matrix interface, damage evolution under 
quasi-static loading, environmental effects, and damage under mechanical fatigue 
loading.
2.2.2 Models for Predicting Matrix Cracking in Unidirectional Brittle Matrix 
Composites
Aveston, Cooper and Kelly (1971) (ACK) presented what is now regarded as the 
pioneering work concerned with modelling the onset of matrix cracking in brittle matrix 
continuous fibre composites. Their model is relevant to composites in which the failure 
strain of the matrix is less than that of the fibres. Although applied originally to brittle 
matrices such as cement and plaster it is applicable also to modern ceramic matrix
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composites. The model considers that when imidirectional composites are loaded 
parallel to the fibres, the matiix will crack and the extra load must be carried by the 
fibres bridging the crack, causing them to experience additional strain. The extra load is 
transferred back into the matrix away from the crack by a constant limiting interfacial 
shear strength, t . A s the composite is loaded further, the matrix will continue to crack 
until it can no longer cairy any additional load; the fibres will be extended, sliding 
tlnough the blocks of matrix. The final modulus of the composite when only tlie fibres 
are carrying the load is EfVf (Ef is the fibre modulus, and Vf is the fibre volume 
fraction). Based on tliis model, ACK derived the loading/unloading behaviour' of the 
composite. Using the Griffith fracture criterion (a global energy balance) ACK 
determined the applied strain required to propagate a long crack through the matrix.
r2
= (2.1)
In Equation 2.1 s,„ is tire matrix failure strain (equal to the composite strain); E^ is the 
matrix modulus; is the volmne fraction of matrix; r is the fibre radius; E^  is the 
composite modulus; 2y,„ is the fracture energy of the matrix. Aveston and Kelly (1973) 
developed the ACK work fur'ther by considering a case in which the fibre and matrix 
ar e bonded. They also considered the situation of par tial debonding between the fibre 
and matrix. The effect of the interfacial sliding stress on the matrix cracking stress in 
CMCs with the SiC fibre as calculated using an ACK prediction (modified to include 
thermal stress) is seen in Figure 2.1 (from Beyerle, Spearing et al (1992)). The residual 
stresses (q) in the matrix are tensile for SiC/CAS, and compressive for SiC/LAS.
The incorporation of residual stress into the matrix cracking problem is an improvement 
to the original ACK analysis made by a riimiber of workers (Budiansky et al 
Marshall et al (1985), and McCartney (1987)).
Another issue that has to be addressed is the long crack assumption. Marshall et al 
(1985) (MCE) and McCartney (1987) have developed the approach to multiple matrix
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cracking by considering the growth of a crack opposed by the tractive forces imposed 
by the crack bridging effect of the fibres (stress intensity approach). A continuum 
approximation is used to apply the distribution of the traction forces imposed by the 
crack bridging fibres. ACK theory considered the effect of long steady-state cracks, 
whereas MCE considers the effect of "short" and "long" (greater than a few fibre 
diameters) cracks.
In MCE theory long cracks grow in a steady-state, the stresses at the crack tip increase 
as the applied stress increases but are independent of the total crack length. For short 
cracks, the entire crack contributes to the sti'ess concentration so the stress required to 
propagate a crack is dependent on the crack length. Both a stress intensity and energy 
balance approach are utilised to determine the crack growth for a long crack and a stress 
intensity approach is used for short cracks.
The general evidence from experiment (e.g. Beyerle, Speaiing et al (1992)) is that initial 
matrix cracks in a UD CMC do form from long flaws. It has also been shown (Pryce 
and Smith (1992) and Beyerle, Spearing et al (1992) that the crack spacing decreases 
with increasing applied stress above the initial cracking stress. This discrepancy can be 
attributed to the composite containing a distribution of flaw sizes, some of which are 
smaller than the size needed to satisfy steady-state conditions. It is expected tliat these 
cracks would propagate over a range of stresses.
Curtin (1993) proposed a model for predicting the statistical aspect of the matrix 
cracking caused by the random distribution of the matrix flaws. Curtin uses a Weibull 
strength distribution to describe the range of stresses over which the matrix cracks 
propagate.
Wliile the distribution of flaw sizes is likely to be important, another problem with the 
ACK prediction is the effect of interacting matrix cracks where the interaction involves 
tlie overlap of slip lengths at adjacent cracks. Zok and Spearing (1992) have modelled 
this phenomenon using the energy approach of ACK and shown that interacting cracks 
propagate over a range of stresses, resulting in a decrease in crack spacing with
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increasing stress. The average crack spacing of randomly generated cracks is the same 
as that calculated by Kimber and Keer (1982), however, the spacing distributions are 
different. This is significant as the spacing distribution will be affected by the matiix 
flaw density and distribution.
2.2.3 Models for Predicting Matrix Cracking in Cross-ply Brittle Matrix 
Composites
The phenomenon of transverse cracking in cross-ply PMCs has been studied extensively. 
The process involves first ply fracture and the subsequent multiple fracture of the plies 
orientated at 90“ in laminates of [0/90] lay-up. Garrett and Bailey (1977) analysed 
matrix microcracking in a cross-ply [0/90]g glass/epoxy composite. Interestingly, in 
formulating their model they made an analogy with the Aveston and Kelly (1973) work 
on cracking in unidirectional material. Garrett and Bailey (1977) developed an 
expression for the additional stress placed on the longitudinal plies (0°) when the 
transverse ply (90“) first cracks. The analysis was of the "shear lag" type with the 
interface between the transverse and longitudinal plies assumed to be bonded elastically. 
The development of the cracking pattern within the 90“ ply is such that after the initial 
crack a second crack occui's at a point where the stress within the 90“ ply is sufficient to 
initiate this second crack, ignoring any statistical vaiiation in the transverse ply strength. 
A third crack will start at a point midway between the first and second cracks, the 
fourth and fifth cracks will occm* at points midway the first and second cracks, and 
midway between the second and third cracks respectively. This will continue until 
either failure develops within the 0“ ply or debonding develops between the longitudinal 
and transverse plies hindering the transfer of stress. It is assumed that the stress profile 
in the longitudinal plies is symmetric about tlie crack, and decays as an exponential 
function away from the crack plane. This, however, causes a discontinuity in the stress 
gradient as only at an infinite distance from the crack plane may the stress gradient be 
zero. Par vizi and Bailey (1978) model multiple cracking in the transverse ply, and find 
good correlation with the experimental results for the prediction of the transverse crack 
spacing as a function of applied load.
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Steif (1984) models the decay of the stress profile in the longitudinal ply as a 
hyperbolic function, which is continuous and predicts a zero stress gradient midway 
between two crack planes. Steif used the stress profile to determine the modulus of a 
cross-ply laminate in terms of the transverse crack spacing. This model was used 
subsequently by Ogin and Smith (1985) and Smith and Wood (1990) to describe 
successfully the reduction in modulus of cracked glass fibre reinforced epoxy laminates.
Par vizi et al (1978) investigated the threshold cracking strain of a cross-ply composite
as a fimction of the transverse ply tliiclmess. Using an energy balance method similar to
bethe one used by ACK, an expression can^obtained for the transverse failure strain. This
theory models the experimental observations; constrained cracking in the transverse plies of MuXziis seen^when the ply thickness is thin. At the onset of constrained cracking conditions 
the cracking in the transverse ply is seen as edge cracks which propagate under 
increasing load. Under sufficient cracking constraint (thin transverse plies) no 
transverse ply cracking was observed. Unconstrained cracking is seen when the 
tliiclmess is large.
Other more recent workers, e.g. Laws and Dvorak (1988), Nairn (1989) and Boniface et 
al (1991) have developed the basic fractui'e mechanics approach and in some cases 
included a statistical element to their models. It has been pointed out, e.g. Leaity et al 
(1992) that such approaches are only valid when the transverse ply is thin such that 
propagation of a defect is the controlling event as opposed to initiation.
Pryce and Smith (1992) and Hairis et al (1992) suggest that in cross-ply SiC/CAS 
laminates the transverse ply cracking is miconstrained as the critical flaw sizes are 
estimated to be smaller than the ply tliiclmess. Strength based models (as opposed to 
fiactme mechanics models) are perhaps more appropriate, modified to reflect the 
statistical nature of the failme process (flaw distribution) and the effect of the 
simultaneous cracking of the longitudinal plies.
Xia et al (1993) consider the onset of tunnelling cracks in brittle matrix cross-ply 
laminates. They also use an energetics approach to model the steady-state growth of the
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tmmelling cracks in the transverse ply. The energy release rate of the tunnelling cracks 
is dependent on transverse ply thicloiess, matrix touglmess, 2y„^ , and the residual stress 
between plies. A finite element (FE) analysis (and an approximate closed-form 
representation) is used to calculate the onset and subsequent growth of multiple 
tunnelling cracks. This approach is in fact very similar' to many adopted in the polymer 
composite literature, but unfortunately the paper is not put in this context by the authors. 
Xia and Hutchinson (1994) have expanded on the work of Xia et al to include the 
growth of the tmmelling cracks penetrating into the adjacent 0° plies (as a plane sti'ain 
crack). A simple micromechanics model using energy considerations of fibre sliding 
(MCE tlieory) is used for the tmmelling crack penetrating into the 0° plies. A 
comparison of their predicted reduction in modulus as a function of applied stress with 
the experimental data of Beyerle et al (1992) is in good agreement at high applied 
stresses, but deviates at low stresses suggesting that they do not consider all the matrix 
cracks in the 90° ply.
Cox and Mai'shall (1996) have considered further the energetics of tunnelling cracks, in 
particular the transition from a tmmelling crack in the transverse ply to a crack that also 
penetrates the adjacent longitudinal ply. It is suggested that tmmelling cracks may 
extend along the weft tow in woven composites spaiming the width of the adjacent warp 
tow. In this way a crack could extend the full width of the sample.
2.2.4 Mechanical Behaviour of SiC/Pyrex
Much of the work carried out in SiC/Pyrex composite systems has been concerned with 
the processing of the material systems to optimise the mechanical properties. In early 
proving work Prewo and Bremian (1980, 1982), and Thompson and Prewo (1980) have 
processed Pyrex matrix systems in a nmnber of ways and examined their flexmal 
strength at various temperatures.
Ford et al (1984) studied the failure mechanisms of UD SiC/Pyrex processed under 
different conditions which behaved in one of tliree ways: a brittle maimer, a tough 
maimer (i.e. fibre pull-out) and a delaminating maimer. The measured interfacial sheai'
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Strength of the tough laminate was in the range of 28-39 MPa. They observed AE 
events in the linear region of the stress-strain curve when the laminates were loaded in 
three-point bending, but did not observe any matrix microcracking.
Davidge and Briggs (1989) have compared the experimental strengths of UD SiC/Pyrex 
tested in tension and bending using a simple Weibull analysis. They found low scatter 
in the bend strengths and tensile strengths. The differences in the strengths measured in 
the bend and tensile tests was correlated in terms of the statistical distribution of the 
strengths of individual fibres.
Mui’ty and Lewis (1989) have studied the interface of SiC/Pyrex composites and suggest 
that careful processing is required to reduce the detrimental effect of the crystallised 
SiOj polymorph (a-cristobalite), a polymorph of silica which can result from the partial 
crystallisation of Pyrex. Pryce and Smith (1990), and Bleay and Scott (1991) found that 
the cristobalite phase causes microcracking in the matrix regions (due to tire mismatch 
in the coefficient of thermal expansion), and so is detrimental to the mechanical 
properties of the composite. From their work Bleay and Scott (1991) suggest 
additionally that the amount of graphite in the fibre/matrix interface affects the strength 
of tire overall composite. They report the interfacial shear strength of a number of 
different batches of UD SiC/Pyrex as rairging from 2 MPa to 8.2 MPa. This low 
inter facial shear strength is attributed to the presence of carbon at the fibre/matrix 
iirterface.
Of workers makiirg more general studies of nrechairical properties, Seerat-uir-Nabi aird 
Derby (1988) exairriired [0/90]gg SiC/Pyrex lamiirates usiirg teirsile aird tluee poiirt 
beirdiirg tests, aird report a linear elastic region in the stress-straiir curve prior to matrix 
crackiirg.
Habib et al (1990) have studied the irrechairical behaviour of unidirectioiral aird cross- 
ply C/Pyrex and SiC/Pyrex laminates. They observe AE events in the linear region of 
the SiC/Pyrex stress-strain curve which is indicative of matrix microcracking that is 
occurring prior to non-liireairty in the stress-strain curve. Up to 40% and 25%
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cristobalite is seen in the UD and [O/ÇOJgg SiC/Pyrex laminates respectively, and it was 
proposed that this cristobalite can act as crack initiation sites.
Pryce (1991) has examined the mechanical behaviour of unidirectional and a range of 
different cross-ply SiC/Pyrex lay-ups. It is suggested that the transverse modulus is 
influenced by the matrix rather than the matrix and fibre moduli. Laminated plate 
theory (LPT) was used to predict the longitudinal modulus for tlie various cross-ply lay­
ups. It was found that the LPT overestimates the modulus and it was suggested that this 
is due to the presence of cristobalite. Also it was suggested that the matrix 
microcracking behaviour is affected by the cristobalite in the composite.
Ramaladshnan and Jayaraman (1992) investigated the behaviour* of unidirectional (UD) 
SiC/Pyrex in monotonie tension at different temperatures and examined the tensile 
strength, modulus and failme mechanism. They found that as the testing temperatme 
increased the laminate modulus decreased, also the microstructure was characterised, 
with a-cristobalite found mainly in matrix-rich regions.
2.2.5 Mechanical Behaviour of SiC/CAS
2.2.5.1 Fibre/Matrix Interfacial Properties
Much work has been published concerning the effect of the fibre/matrix interface on the 
mechanical behaviour of unidirectional and cross-ply SiC/CAS laminates. Evans and 
Mar shall (1989) review the micromechanical properties of the fibre/matrix interface and 
the effect on composite tougluiess in brittle matrix composites (SiC/LAS). The 
significant constituent properties needed for many predictive models of mechanical 
behaviour are the interfacial shear strength, and interfacial debonding energy. The most 
commonly used technique to measure the interfacial shear* strength of the fibre/matrix 
interface directly is microindentation. The teclmique was used originally by Marshall 
(1984) and has been used subsequently by many workers.
Bleay and Scott (1992) have studied the microstructure and related it to the mechanical
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properties of UD SiC/CAS. In particular they studied the interfacial shear strength as a 
function of heat treatment temperatures using a microindentation technique. They found 
X to be ~3 MPa at room temperature; following heat treatments of 1000°C, x increased to 
—25 MPa and a corresponding brittle failure occurred. They suggest that this is caused 
by the oxidation of the carbon rich layer at the fibre/matrix interface to silica.
Sanchez et al (1996) used a fibre push-out test to calculate the interfacial debonding 
energy, 2yj and the interfacial sheai* strength. They report a value for x for a cross-ply 
SiC/CAS laminate of 29 MPa on initial loading, and x as 21 MPa on subsequent 
loading. The interfacial debonding energy, Yi was calculated as 6 ± 1 Jm' .^
An alternative to direct measurement of the shear strength is to measure a response of 
the composite to load and then determine the shear strength with the aid of a 
micromechanical model. Many authors use the saturation crack spacing and ACK 
theory to predict x, Beyerle, Spearing et al (1992), Wang and Paivizi-Majidi (1992), 
and Pryce and Smith (1992), or the pull-out length of the reinforcing fibres at failure, 
Beyerle, Spearing et al (1992). Other authors use analysis of the stress-strain cur ve or 
hysteresis loops. A wide range of values of x have been published derived from 
unidirectional and cross-ply laminates, x -  3-30 MPa. These values are dependent on the 
method of testing or mode of prediction.
Wang and Parvizi-Majidi (1992) use the saturation spacing of an UD SIC/CAS laminate 
and ACK theory to calculate x as 14.4 MPa and they measui'ed x using an indentation 
technique as 13.7 MPa.
2.2.5.2 Low Strain Behaviour
Many workers, e.g. Beyerle, Spearing et al (1992), Beyerle et al (1992), Pryce and 
Smith (1993) and Karandikar and Chou (1993 a) report a linear elastic region in the 
stress-strain curves for UD and cross-ply SiC/CAS laminates, see Figure 2.2. The initial 
modulus may be predicted from rule of mixtures or laminated plate theory as 
appropriate, Pryce and Smith (1992). The evolution of damage in unidirectional and
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cross-ply SiC/CAS laminates has been studied extensively. The main techniques for 
studying tire evolution of damage ai*e acoustic emission (AE), microscopy and edge 
replication.
Initial damage is seen in the matrix of UD materials and the 90“ ply of cross-ply 
materials. Wliile samples loaded beyond the Imee are always seen to be damaged there 
is evidence of cracking occuring prior to the onset of non-linearity. Sorensen et al
(1992) and Luo et al (1995) have reported that matrix microcracking in unidirectional 
laminates using an edge replication technique is not seen until AE events are observed.
Harris et al (1992) also suggest from AE observations that matrix microcracking may 
occur prior to a change in the linear elastic region of the stress-strain curve ("knee"). 
Kim and Pagano (1991) report AE events prior to deviation in the linear region of the 
stress-strain ciuve for a series of different fibre reinforced brittle matrix composites 
including SiC/CAS. They suggest that the deviation of the stress-strain cui've from 
lineality is not due to steady-state cracks but the accumulation of a number of small 
cracks in the matrix.
2.2.S.3 Multiple Cracldng
There are an increasing number of papers in the literature which provide experimental 
data relating to the initiation and multiplication of matrix cracks in UD and cross-ply 
laminates, the effect on residual properties (especially stiffness) and stress-strain 
behaviour. These papers generally apply micromechanical models to describe the 
observed phenomena. Many models have been proposed for the prediction of matrix 
microcracking in different types of brittle matrix composites, including SiC/CAS. Most 
of the models use a micromechanics approach and use a shear lag approach (fully 
debonded or partially debonded fibre/matrix interface) for unidirectional and cross-ply 
laminates. However, a number of models are more involved and include the statistical 
nature of matrix cracking and fibre failure.
Beyerle, Spearing et al (1992) have investigated and predicted the mechanical behaviour
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of UD SiC/CAS composites. From crack spacing measurements they find 
T = 25-28 MPa, and from fibre pullout measurements x = -10-15 MPa, the differences 
aie perhaps due to the underlying assimiptions in the micromechanical models. The 
matrix tougluiess, 2y„^  is calculated as 25 JnT^ . Successful prediction of the initial 
matrix cracking stress and ultimate sti'ength was obtained using ACK theory; however, 
the evolution of matrix cracking with applied stress (above initial matrix cracking stress) 
is not accurately predicted. This is atti'ibuted to the predictions not considering the 
distribution of matrix flaws, fibre failuie and the size of the flaws, in pai'ticulai*, flaws 
smaller than steady-state critical size.
Beyerle et al (1992) have investigated the mechanical behaviour of cross-ply SiC/CAS 
composites. In [0/90]4g they observed that the first matrix cracks appeared in the central 
double layer spanning the ply thickness, and arresting at the 90“/0® ply interface. The 
crack spacing in the single 90° plies was smaller than the crack spacing in the double 
90790° layer, see Figure 2.3, with tliese cracks eventually propagating into the 0° plies. 
The residual stress in a 0790° lamina was determined (by grinding away the laminae 
until a single 0790° lamina was left) using beam theory, and calculated as 25 + 5 MPa. 
It is suggested that the microcracks in the 90° plies are formed by tumielling cracks 
which arise when flaws that initially span the layer thickness propagate along the layer, 
see Figure 2.4. These flaws are expected to exist at the laminate edges and are caused 
by machining and thermal expansion misfit stresses. The stress at which tunnelling 
cracks occur is calculated, and the propagation of these cracks into the 0° ply is 
modelled using stress based fractme criteria. They suggest that once the cracks 
propagate across the central double thick 90° then the matrix microcracks propagate 
stably tlrrough the 0° ply, and then unstably tlu'ough the next 90° ply. From the fibre 
pullout length (and using a model based on weak-linlc statistics) they have estimated x 
as approximately 13 MPa. Their proposed models for the effects of matrix 
microcracking in the 0° and the 90° plies underestimate the observed modulus reduction.
Wang and Parvizi-Majidi (1992) studied the tensile behaviour of UD and cross-ply 
SiC/CAS composites. They see the same type of constraint effect in the cross-ply 
laminates as observed by Kaiandikai* and Chou (1993a), and Pryce and Smith (1992).
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Using a cyclic incremental loading regime the effect of the microcracks in the transverse 
and longitudinal plies on the stiffness was investigated, see Figure 2.5. They calculated 
the value of the matrix cracking strain from ACK theory and found that it was higher 
than the experimentally determined value. One reason could be that the fracture 
tougluiess of the CAS matrix in a composite may differ from the value in monolithic 
CAS (which is used for the calculation). This may be due to different processing 
conditions and the fibres influencing the matrix crystallisation. Transverse ply cracking 
followed by transverse ply delamination was observed in the cross-ply composites.
They suggest that one of the main controlling influences on the development of these 
delamination cracks is the mismatch in the Poisson’s ratio, u, of the 0° ply and the 
microcracked 90° ply (the latter has a lower u due to unloading near the crack). Using 
ACK theory, Wang and Parvizi-Majidi modelled the stiffness of the 0° ply, and using 
the analysis of Garrett and Bailey (1977) they also modelled the stiffness of a cross-ply 
laminate. By considering the fully bonded and frictional fibre/matrix interface, upper 
and lower bounds for the reduced stiffness have been obtained. The experimental data 
are enclosed by the boimds, see Figure 2.6.
Pryce and Smith (1992) have studied the mechanical behaviour of UD and cross-ply 
SiC/CAS. Using the model proposed by ACK they have made a simple prediction for 
the crack density of an UD laminate, and found a rudimentary agreement with the 
experimental data. Using a basic fractme mechanics approach they suggest that 
unconstrained cracking occurs within the transverse ply of cross-ply laminates. Using a 
modified shear lag analysis (similar to Garrett and Bailey) they predict the progressive 
matrix cracking in the transverse ply, and find a reasonable agreement with experimental 
results (the model over-estimates the crack density at any given stress). The major 
drawback of this model is that no account is taken either of the effect that the 90° plies 
fail in a statistical maiuier, or of the propagation of transverse cracks into the 
constraining longitudinal plies.
Sorensen et al (1992) studied matrix cracking in unidirectional laminates and suggest 
that the permanent strain (on unloading) reaches a steady limit when the matrix is fully 
microcracked. Fiu’ther Luo et al (1995) report that at a point where the crack density
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does not increase any fui'ther they see an increase in the rate of AE and suggest that this 
is due to fibre/matidx debonding and/or sliding. A decrease in the slope of the stress- 
strain crave is attributed to fibre fracture and pull-out. They have studied the 
amplitudes of the different AE events and suggest that^are characteristic of the different 
failure mechanisms. The AE behaviour of the loading/unloading curves was reported 
where at high strains it was formd that the AE response of tlie loops decreased in rate 
and this was attributed to the frictional sliding of the debonded fibre-matrix interface.
Kar andikar and Chou (1993a) have studied the mechanical behaviour of UD and cross- 
ply SiC/CAS composites. They formd (consistent with Beyerle et al (1992), and Pryce 
and Smith (1992)) that there was a difference in initiation strain for cracking in the 
transverse ply depending on the nmiiber of transverse plies and the constraining 
longitudinal plies, i.e the transverse ply crack initiation strain decreases with increasing 
90° ply thickness, and the saturation 90° crack density increases with decreasing 90° ply 
thiclcness. A model has been proposed for the prediction of reduced modulus in UD 
composites using a modified shear* lag analysis, which includes the transfer of stress in 
debonded regions by means of interfacial frictional stress. For cross-ply laminates a 
similar analysis is employed for the 90° ply, which ignores the effects of the thermal 
stresses and matrix cracking in the longitudinal plies. To model the reduced modulus in 
the cross-ply laminate the longitudinal and transverse moduli are calculated neglecting 
any interaction between the plies. From the analysis Karandikar and Chou indicate that 
at high strains the load is transferred totally by interfacial frictional stress in the 0° plies.
Daniel et al (1993), Solti et al (1995), Kuo and Chou (1993, 1995a), Pryce and Smith
(1993) and Evans et al (1994) use one of the original ACK shear lag approaches to 
predict the stress-strain behaviour of UD laminates. Each of these different approaches 
have different drawbacks. These references are discussed below.
Daniel et al (1993) find good agreement with experimental data at low stress and strain; 
however, the model and the data deviate significantly at high stress and strain. The 
main reason for this is that they do not consider the residual stresses, and assume that 
fibre/matrix debonding does not occur until the microcracking is fully saturated. This
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latter assumption seems doubtflil given the experimental evidence for low strain 
hysteresis. The crack density predictions show reasonable agreement with experimental 
data, except that they do not model the cracking that is observed prior to deviation in 
the linear* elastic region of the stress-strain curve. Also no consideration of the statistical 
nature of the matrix strength or the effect of fibre/matrix interfacial friction is 
incorporated into the model.
The approach of Kuo and Chou (1993, 1995a) includes thermal stresses for predicting 
the critical stress for matrix cracking in UD CMCs (including SiC/CAS). Two bounds 
ai*e used for the solution, a perfectly bonded fibre/matrix interface and a fully debonded 
fibre/matrix interface. Fui*ther, the initiation of cracking in cross-ply CMCs (including 
SiC/CAS) was studied. The model that predicted the lowest critical stress for cracking 
is the mode where the transverse cracks in the 90° ply extend into the 0° ply (also 
observed in experimental work). They fomid that as the transverse ply thiclcness 
increases there is a decrease in critical stress for matrix cracking, and as the volume 
fraction of fibres increases then the critical stiess increases.
In subsequent work Pryce and Smith (1993) have refined their eailier model to 
incorporate the residual thermal stress and interfacial shear* strength. In this way they 
model continuous stress-strain behaviour and hysteresis loops in unidirectional material. 
Comparing their model with the experimental results for UD SiC/CAS quasi-static 
loaded samples. Figure 2.7, shows good agreement, using t  = 8 MPa, and a residual 
thermal stress in the fibres of 50 MPa (compressive). In the work of Pryce and Smith
(1994) a shear* lag model is developed to describe the stress-strain behaviom* of the 
cross-ply laminate allowing for both the longitudinal and transverse cracking but 
neglecting the thermal stress.
Solti et al (1995) use a fully and partially debonded fibre/matrix interface (based on the 
work of Pryce and Smith (1993)). The prediction of the stress-strain response of an UD 
SiC/CAS laminate is similar to the experimental work of Pryce and Smith (1993).
Evans et al (1994) have proposed a general procedure for relating the constituent
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properties to the tensile behaviour of CMCs which has been further studied by 
Vagaggini et al (1995) and Domergue et al (1995). This provides, Vagaggini et al
(1995), with a method for relating the interfacial shear strength, t, the interface debond 
energy, 2yj and residual thermal stress in an UD SiC/CAS laminate to the hysteresis 
measmements of a tensile test. Domergue et al extend this methodology to the study of 
unidirectional SiC/CAS and SiC/SiC. From their analysis of a UD SiC/CAS laminate 
they predict t  as 20 ± 3 MPa and 2yj as 0,5 ± 0.3 Jm' ,^ which corresponds well with 
other published values, Beyerle et al (1992). This predictive analysis is further extended 
to cross-ply SiC/CAS and to plain weave SiC/SiC laminate by Domergue et al (1996).
A good agreement is found between the experimental and simulated stress-strain curve 
of a cross-ply SiC/CAS laminate. From analysing the data they predict a similar 
interfacial shear stress (x = 15-22 MPa) to that determined from the UD SiC/CAS 
laminate.
2.2.5.4 Static Fatigue Cracldng
Recently, concern has been expressed about the effect of time dependent matrix cracking 
in oxide matrix composites (including CAS matrix). At stresses near to and above the 
matrix crack initiation stress it was felt that slow crack growth may occm*. This issue 
has been addressed by a number of workers.
Kai'andikai* and Chou (1993b) have considered enviromnental effects on crack growth in 
UD and cross-ply SiC/CAS laminates as part of a study on mechanical fatigue. For UD 
SiC/CAS laminates the satur ation crack densities for fatigue testing were comparable to 
the quasi-static testing measurements. They conclude that the crack growth mider static 
fatigue is enviromnentally driven and dependent on the maximum stress and time.
Spearing et al (1994) investigated time dependent matrix cracking of UD SiC/CAS 
laminates. In flexiue and tensile tests at stresses below the matrix microcracking 
threshold initially no cracks were visible; however, over long periods of time ( - 10® s) 
appreciable matrix microcracking was observed. At stresses well above the matrix 
microcracking tlueshold the observed crack density was seen to be higher than for short
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duration monotonie tests. A fracture mechanics analysis was used to model the 
development of matrix cracks with time as a fmiction of applied stress. The analysis 
considers non-interacting short cracks or interacting steady-state cracks. However, a 
method is needed to interpolate between these two regimes.
Further evidence for static fatigue phenomena is perhaps provided by Sorensen and 
Holmes (1996). They studied the effect of loading rate on the mechanical behaviour of 
UD SiC/CAS. They found that the stress-strain curve is dependent on the loading rate. 
Increasing the loading rate increases the proportional limit, ultimate strength and failure 
strain. From this work they consider that as the matrix cracking strength increases with 
increasing loading rate then the interfacial shear* strength is velocity dependent (x 
increases with loading rate).
2.2.5.5 Cyclic Fatigue Loading
A number of studies in recent yeai*s have reported the effect of cyclic fatigue loading on 
the response of botli unidirectional and cross-ply SiC/CAS laminates. Talreja (1990) 
reviewed the available literature on fatigue in CMCs. At the time most of the work was 
concerned with SiC/LAS laminates. Recently work has been published on the effect of 
cyclic loading in SiC/CAS laminates. The work described below covers tlu'ee main 
areas: the development of cracking, the hysteresis loops (and the implications for shear* 
strength), and the development of integrated models for* damage.
Habib et al (1993), building on the work of Harris et al (1992), have studied the effect 
of low frequency cycling in tension and flexure on UD and cross-ply SiC/CAS 
laminates. No difference in the saturation spacing between laminates cycled in tension 
and fatigue was observed. Also no difference was fomid in the stiffness/crack density 
relation for* samples loading rnonotonically and in fatigue.
Karandikar* and Chou (1993b) investigated cross-ply laminates and report that for* cyclic 
fatigue stresses which are below the matrix crack initiation stress no 0° ply cracking was 
observed, matrix cracking, however, was observed in the 90° ply. They observe two
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distinct regimes in the modulus reduction for cyclic fatigue. The modulus reduction is 
constant in the first regime, and decreases in the second regime. They suggest that in 
the first regime the matrix cracks grow in a steady-state maimer, dependent upon the 
applied stress and fatigue properties of the matrix, while in the second regime the crack 
growth rate decreases due to interactions between multiple cracks.
Thomas et al (1993) have investigated UD SiC/CAS imder tensile cyclic fatigue. They 
propose that the ’S’ shaped stress-strain hysteresis loop, (see Figure 2.8) seen under 
cyclic loading, is due to a vaiiation of the interfacial shear strength. A high initial 
modulus (no interfacial sliding) is seen which corresponds to a high static coefficient of 
friction in region I. On further loading the fibres start to slide over smooth surfaces, so 
a lower modulus and a low dynamic coefficient of friction are observed, region II.
Soon the fibres will no longer be sliding over smooth surfaces (as these surfaces have 
recently been debonded) and so the modulus and dynamic coefficient of friction 
increase, region III. Unloading has the same sequence of events (regions IV, V and VI) 
as on load reversal the fibre sliding stops and must be re-initiated.
Sorensen et al (1993) report the effect of mechanical and thermal cycling on 
unidirectional SiC/CAS composite. An FE analysis using a frictional sliding stress 
(Coulomb fr'iction) was used to predict the stiess-strain response of the composite.
From this analysis they suggest that the interfacial shear strength changes and so 
influences the composite stress-strain behaviour.
Pryce and Smith (1993) have studied the mechanical behaviour of cyclically loaded UD 
SiC/CAS in tension-tension. In both quasi-static and high frequency (10 Hz) fatigue 
with the fatigue stress level below the static matrix cracking threshold they observed no 
evidence of matrix cracking. At fatigue stress levels above the cracking threshold they 
observe some indication of crack accumulation with increasing cycles. In quasi-static 
fatigue they observe that the hysteresis loop is stable, indicating a stable damage state, 
after a low number of cycles. For high frequency fatigue they predict from their models 
that there is a decrease in x, and that it may reduce to a value of 2 MPa. They attribute 
this reduction to the decrease in smface rouglmess between the fibres and matrix.
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Pryce and Smith (1994) have extended their work with UD SiC/CAS under tension- 
tension fatigue to cross-ply SiC/CAS. Using a modified sheai* lag analysis for the 
transverse ply cracking allowed them to model the stress-strain curve for continuous 
quasi-static loading. The model underestimates the experimental data due to the fact 
that thermal residual stiesses and the statistical nature of the cracking are ignored.
Matrix cracking was not seen when the fatigue stress levels were below the transverse 
ply cracking tlueshold. Wlien the fatigue stress levels were between the 90° and 0° ply 
cracking tluesholds cracking was observed in the transverse ply and seen subsequently 
to propagate into the longitudinal ply. At fatigue stress levels above the transverse and 
longitudinal cracking threshold cracking was observed in both plies and increased in 
density with increasing number of cycles. They suggest tliat static fatigue may affect 
the fatigue results.
Evans et al (1995) have reviewed the basic mechanisms of damage within ceramic 
matrix composites, and presented models for the prediction of fatigue damage. These 
models are based on the methodology of Vagaggini et al (1995), and Domergue et al 
(1995, 1996) for analysis of the hysteresis loops. They consider the mechanisms of 
fatigue damage as a change in x, degradation of fibre strength and crack growth in the 
matrix (modelled using a Paris law criterion and stress intensity factors). A model for 
predicting the response of the interfacial shear* strength under* fatigue cycling of CMCs 
was proposed. This model showed reasonable agreement with the measured interfacial 
shear strength of a UD SiC/CAS laminate cycled in fatigue.
Solti et al (1996) have modelled the fatigue response of unidirectional CMCs using the 
ACK theory for matrix cracking, maximrun stress criterion for frbre/matrix interface 
debonding, and fibre failure using a stochastic Weibull analysis. These are incorporated 
into a shear lag model and allow a prediction of the stress-strain response (hysteresis) 
and residual strain. For the fatigue response of unidirectional CMCs they consider* a 
degradation of the interfacial shear* stress resulting from frictional wear during cycling.
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2.2.5.6 Discussion
It has been seen that matrix microcracking in UD and cross-ply laminates is observed 
prior to deviation from the linear elastic region of the stress-strain curve ("Imee") both 
by optical (replica) and AE tecluiiques, Harris et al (1992), and Kim and Pagano (1991). 
This may be because the matrix microcracks that initiate are isolated to a small area and 
do not span the thickness and width of tlie lamina ply, so the effect on the stress-strain 
curve is limited. However, other workers, Sorensen et al (1992) and Luo et al (1995), 
report no AE events prior to the knee. This may be due to the tlueshold frequency (and 
sensitivity) used in the AE analysis.
Using the energy balance approach, the cracking tlueshold in UD and cross-ply 
SiC/CAS composites has been modelled generally using the model of Aveston et al 
(1971) for UD laminates and the tunneling crack model (or similar) for cross-ply 
laminates. In general, agreement is reasonable provided tliat factors such as tliermal 
effects aie incorporated. The distribution of the matrix flaws affects tlie stress-strain 
response to matrix cracking and the basic fractme mechanics models do not consider 
this. In unidirectional laminates Curtin (1993) uses a Weibull statistics approach and 
Zok and Spearing (1992) use randomly generated cracks to consider the stochastic 
nature of matrix cracking. At high strains the models neglect the effect of fibre failure 
on the stress-strain response; however, a simple method to allow for this would be to 
reduce the volume fraction of load carrying fibres in the laminate. In cross-ply 
laminates the stress transfer is complicated by the simultaneous damage in both plies. 
Xia and Hutchinson (1994) do consider the staggering of the transverse cracks and their 
propagation into the 0° plies.
Another ai*ea which has not been fully addressed is the fibre/matrix interfacial frictional 
sheai" strength. Although a number of workers have determined tliis experimentally, the 
results published do not show frill agreement between authors. The values of x from 
indentation tecluiiques vary from 3 MPa to -30 MPa. As the value of x is fundamental 
for modelling mechanical properties, especially the modulus of the different composites, 
further work is required. Using crack density at laminate failure, x can be calculated
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using the model of Aveston et al (1971) with the assumption of the mean crack spacing 
from Kimber and Keer (1982). Recently Marshall (1992), Sorensen et al (1993) and 
others have considered fibre/matrix sliding in brittle matrix composites as a Coulomb 
frictional stress (proportional to the normal stress) rather than as a constant frictional 
stress . The use of a Coulomb frictional allows for a more accui'ate representation of 
the stress-strain behaviour.
Most fracture mechanics and energy balance approaches to the prediction of the 
mechanical behaviour of UD and cross-ply SiC/CAS laminates are based on a constant 
interfacial shear stress. However, the interfacial shear* stress may vary under different 
test regimes, meaning that these approaches will brealcdown. The interfacial shear stress 
has been suggested to be velocity dependent by Sorensen and Holmes (1996) and that 
could affect the fatigue life and damage evolution of SiC/CAS composites.
2.3 Woven Composites
2.3.1 Introduction
A substantial literature has been published on woven fabric-based PMCs, and their 
potential for replacing non-woven PMCs in high performance applications. For* an early 
review see Curtis and Bishop (1984). In particular, theoretical models for the elastic 
behaviour* have been developed, based on laminated plate theory (see section 2 .3 .3). 
Work has also been carried out in the area of damage development, especially matrix 
cracking, in notched and muiotched woven PMCs.
However, little investigation has been carried out in woven CMCs. The work that there 
is has concentrated on SiC/SiC, C/SiC and C/C laminates since these have the most 
potential for use in near-term applications, especially at high ternperatrue. Presently no 
work has been published on woven SiC/CAS laminates. As woven SiC/SiC and C/SiC 
are expensive and time-intensive material systems to rnanufactiu'e, a cheaper* alternative 
from which methods could be developed for* predicting the behaviour of woven CMCs
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would be welcome. An understanding of woven SiC/CAS laminates should allow such 
an insight into the behaviour* of other* woven CMCs.
2.3.2 Weaves
A woven fabric cloth is an interlacing structui’e of warp and fill (weft) fibre yarns 
(tows) at 90° to each other*. The simplest woven str*uctm*e is the plain weave, where the 
warp and fill yarns are interlaced in a regular* sequence as shown in Figure 2.9. The 
plain weave miit cell is the smallest repeat cell, where one warp tow passes under and 
then over a weft tow.
Chou et al (1982) use a geometric system for describing the weave structure. The 
par*anieter indicates that a warp yai*n is interlaced with every fill (weft) yarn, and 
indicates that a fill yarn is interlaced with every warp yarn. The subscripts /  
and w refer* to the fill and warp yarn respectively, while g signifies a geometrical 
parameter. For* the majority of fabric weaves, rij-^  = = n^ .
The main types of fabric weaves used are plain weave, twill weave arrd satin weave; in 
a plain weave fabric = 2 , i.e. the fill yar*n is interlaced with every other* warp yarn 
and vice versa. Twill weaves have rig = 3, and any fabric where the interlaced regions 
are not cormected and with > 4 is known as a satin weave. Figure 2.10 shows the 
structure of arr eight harness satin weave, where the unit cell has a warp yarn that passes 
over* one fill yarn and mider seven fill yarns. A [0/90] laminate could be considered as 
a woven fabric with = oo. Plain weave fabrics have equal fractions of the warp and 
fill yarns on either side of the fabric, and thus are symmetric. However, in cloths where 
n.g > 3 there is a dominant yarn associated with each smface of the fabric i.e. the fabrics 
are asymmetric and care is required to ensure the fabrication of symmetric laminates.
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2.3.3 Modelling Of Woven Polymer Matrix Composites
2.3.3.1 Overview
The modelling of the elastic properties of woven composites has been studied by a 
number of workers. Ear ly work was carried out by Chou and co-workers, e.g. Ishikawa 
and Chou (1982), and recently some of the ideas have beerr extended, notably by Naik 
and Shembekar (1992a, 1992b), and Shenibekar and Naik (1992).
Three elementary models for the calculation of the elastic moduli of a woven composite, 
the mosaic, crimp and bridging models, were summarised by Ishikawa and Chou (1982). 
These models are based on laminated plate theory (LPT) with the major assmiiption 
being that LPT is valid for every region within the repeating cell of the woven fabric. 
The models do not allow for non-uniformity in the weave architecture such as resin rich 
regions.
The crimp model has been used as a basis for an extended two dimensional model for 
the elastic modulus of a plain weave laminate by Naik arrd Shembekar (1992a). Their 
analysis does consider non-uniformity in the weave architecture such as resin rich 
regions and elliptical weave tows. In the sub-sections that follow these models are 
described in more detail.
2.3.3.2 Mosaic Model
In the mosaic model the woven fabric is idealised by omitting the continuity of the 
fibres and their midulation.
The fabric lamina is viewed as different areas made up of asymmetrical cross-ply 
elements, and the two-dimensional aspect of the lamina is divided into two one­
dimensional models. These one-dimensional models are either a parallel (iso-strain) or a 
series (iso-stress) model depending on the representative element analysed. From LPT, 
the stiffness constants of these models can be evaluated.
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The parallel model is based on assumption of constant strain and cruvatme state in the 
lamina mid-plane. From the LPT analysis of the parallel model the upper bounds for 
the stiffness constants can be obtained, and by inverting these constants the lower 
bounds for the elastic compliance constants can be found.
In the series model the assimiption is that there is a constant force (stress) applied at the 
lamina mid-plane. For this to occur, the disturbance of the stress and strain in the area 
near to the interlaced region is ignored. From LPT analysis the series model produces 
upper bounds for the elastic compliance constants, and lower bomids for the stiffness 
constants.
Thus the parallel model gives an upper bound and the series model gives a lower bound 
for the elastic stiffiiess for different fabric weaves.
2.3.3.3 Crimp Model
One-Dimensional Model
The crimp (fibre undulation) model considers the undulation and continuity of the 
fibres, and is a continuation of the series form of the mosaic model. The crimp model 
is only acceptable for weaves with a low number of repeats, «g, such as plain weave 
fabrics.
The undulation of the fibres in the crimp region is considered as sinusoidal in nature, 
with this region being divided into infinitesimal sections. LPT is used to calculate the 
local stiffness as it varies with the local off-axis angle within each of these sections.
The values for the moduli predicted by the crimp model are lower than those predicted 
by the mosaic series model.
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Two-Dimensional Model
The one-dimensional (ID) model (crimp) proposed by Ishikawa and Chou (1982) does 
not fully represent the actual fabric structure, as properties in only one plane are 
considered. Naik and Shembekar* (1992a) have further considered the plain weave 
lamina using the crimp model and the change in the configuration from section to 
section in two dimensions.
When the fabric lamina is loaded, infinitesimal sections of the fabric are in series with 
the loading direction (parallel to A-D in Figure 2.11), and assumed to be mrder constant 
stress. On the other hand, infinitesimal sections are in parallel with respect to the 
loading direction (parallel to D-C in Figure 2.11), and the mid-plane strains are 
constant.
Two 2D models are proposed by Naik and Shembekar; these are the series-parallel and 
parallel-series models. In the series-parallel model the infinitesimal sections along the 
loading direction are assembled with an iso-stress condition, and then assembled with 
iso-strain conditions. In the parallel-series model the infinitesimal sections across the 
loading direction are assembled with iso-strain conditions, and then assembled with iso­
stress conditions.
In the series-parallel model the average in-plane compliance constants under iso-stress 
conditions are calculated, which yield the upper bounds for the compliance for each 
section. By inverting these average in-plane compliance constants the lower bounds of 
the average in-plane stiffness constants of the corresponding sections can be obtained. 
The stiffness constants of the woven fabric are then calculated using these in-plane 
stiffness constants of each section under iso-strain conditions.
A similai* method is used for the parallel-series model to calculate the upper bounds for 
the average in-plane stiffness constants, and the lower bounds for the average in-plane 
compliance constants.
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For cai-bon/epoxy lamina Naik and Sliembekai* (1992a) have calculated that their 
proposed 2D parallel-series and 2D series-pai'allel models have lower in-plane stiffness 
than the mosaic paiallel and series models respectively. They also suggest that their 2D 
parallel-series model is used for the prediction of in-plane stiffness constants for a plain 
weave lamina.
Shembekar and Naik (1992) have extended the above 2D lamina models to study the 
effect of lamina configuration and position witli respect to each other on the in-plane 
stiffness constants of the woven fabric laminate. They have considered different 
laminate configmations that aie eitlier symmetric/asymmetric, and balanced/unbalanced. 
The in-plane stiffness constants predicted by the above models for any configuration 
compare well with experimental results.
Naik and Shembekai' (1992b) have further considered the effect of yarn spacing on the 
elastic properties of a plain weave composite. Using the 2D parallel-series approach they 
have modelled balanced open (with various gaps between adjacent yams) and closed 
cloths for different fibres and lamina thicknesses. From their analysis it is seen that 
shifting the laminae with respect to each other in the laminate affects the overall elastic 
properties. Shifted laminae increase the elastic modulus, shear modulus and reduce the 
Poisson’s ratio of the laminate. The effect of an open weave compared to a closed 
weave is that the elastic modulus is reduced. Shear modulus is lower for an open weave 
thmi for a closed weave, and the Poisson’s ratio is lower for a closed weave and higher 
for an open weave.
2.3.3.4 Bridging Model
The bridging model reviewed by Chou and Ishikawa (1989) was developed to analyse 
satin weave fabrics {n  ^> 4), and uses both the mosaic and crimp models for the 
calculation of the stiffness constants. The repeat unit for a satin weave, Figure 2.12a, is 
modified to a squaie shape, Figure 2.12b for the simplicity of calculation. A schematic 
of the bridging model repeat unit is shown in Figiue 2.12c. The regions A, B, D and E 
consist of non-woven fill yarns and are considered as [0/90] cross-ply laminates.
2 Literature Review______________________    35
Region C has an interlaced structure with the fill yam undulating, and in this model the 
undulation and continuity of the warp yams aie ignored as the loading direction is in the 
fill direction. The in-plane stiffness of region C is calculated using the crimp model, 
and found to be lower than that of the neighbouring regions (B and D). Therefore 
regions B and D carry the extra load from region C, so acting as bridges for the load 
transfer between regions A and E. From considering the lamina as above the stiffness 
constants of the cross-ply regions are calculated using the mosaic model (series and 
parallel elements). So using LPT the average stiffness constants can be obtained for a 
satin weave. Chou and Ishikawa (1989) report good agreement between experimental 
results and the bridging model for satin weave laminates.
Both the elemental and laminate plate theory models are in principle simple models to 
use. However, they neglect the tliree-dimensional aspect of the laminates. These models 
only allow balanced closed weaves to be considered, whereas unbalanced open weave 
laminates may be used in practice. Numerical models (finite element based) can be used 
to study the tluee-dimensional aspect of the laminates, but they are more complicated. 
The early work was reported by Kiiz (1985), Kiiz and Muster (1985) with others, e.g. 
Wliitcomb (1991) extending this fiutlier.
Ishikawa and Chou (1983) have extended their ID models (mosaic and crimp) and 2D 
model (fibre bridging) by analysing the thermomechanical behaviom* of woven lamina. 
They can predict the in-plane thermal expansion and thermal bending coefficients of 
both plain weave and satin weave composites. Naik and Ganesh (1995) have also 
proposed a closed form solution for the prediction of the thermoelastic properties of a 
plain weave laminate.
2.3.4 Damage in Woven PMCs
More recently a nmnber of works, for example Naik a/ (1991) have addressed the 
mechanism of damage and failure behaviom* of woven fabric composites. For a more 
detailed review see Marsden (1996). The principal initial damage mechanism is 
transverse cracking of the weft tows.
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Kiiz (1985) has investigated the damage in a glass/epoxy plain weave composite at low 
temperatures. Using FE analysis coupled with LPT (as ID model) he has studied the 
influence of a crack in the fill yarn coupled with and without the residual thermal stress 
associated at 77 K. He predicts that a fill yarn crack will suppress the formation of 
subsequent cracks in the region, and these cracks will reduce wai'p-fill interface 
debonding when the warp angles aie laige. Also stresses (away from the crack tip) in 
the wai'p yarn aie reduced by thermal stresses and large warp angles (undulations).
Thus weaves with large warp yarn ciuvatures (with a fill yam crack) have a higher 
strength, but a lower stiffness.
Fujii et al (1993) have studied the initiation and propagation of damage in a plain 
weave glass/polyester composite under fatigue loading. They observed matrix cracking 
in the resin rich regions on the initial loading cycles. Later debonding occurs in the 
weft tows neai* the cross-over point between the waip and weft tows. At later cycles 
warp debonding is observed followed by small delaminations between the waip and weft 
tows near the crimp regions.
Boniface et al (1993) report that the cracking observed in one layer satin weave 
glass/epoxy laminates is similar' to cross-ply laminates. However, the cracking in two 
and four layer satin weave laminates is dispersed in appeaience. Marsden et al (1995) 
have investigated matrix cracking in glass/epoxy satin weave laminates in detail and 
report that the cracking is dispersed, and influenced by die tow structuie. A modified 
shear lag equation is used to predict the reduction in laminate modulus due to matrix 
cracking. Reasonable agreement was found between the model and the experimental 
results.
2.3.5 Mechanical Behaviour of Woven CMCs
2.3.5.1 Introduction
The main interest in woven CMCs is their potential for application in high temperature 
use, in particular, aerospace. Before this is possible, an understanding of
2 Literature Review  37
their room temperature mechanical behaviour is needed. Most work reported 
(summarised below) is concerned with carbon fibre/silicon carbide matrix (C/SiC) or 
silicon carbide fibre/silicon carbide matrix (SiC/SiC) material systems, processed 
tlu'ough either a chemical vapour infiltration (CVI) or deposition (CVD) route. The 
main influence to mechanical behaviour of these systems seems often to be the matrix 
porosity, which can be substantial (-10%). This porosity is a result of the manufacturing 
process, either an infiltration or deposition route.
In a GCMC the mechanical properties are dominated by the fibres as they have a higher 
stiffness than the matrix (although the ratio of fibre to matrix modulus is much smaller 
than in PMCs); however, in some CVI and CVD processed CMCs the matrix has a 
higher stiffness tlian the fibres. This might suggest that comparing the mechanical 
properties between CVI and CVD processed woven CMCs with a woven GMC and a 
woven GCMC may be difficult.
2.3.S.2 Quasi-Static Loading
Wang et al (1991a) have studied the mechanical properties of a plain weave CVD 
processed carbon fibre reinforced SiC matrix (C/SiC) composite. They have shown that 
their samples have an initial linear elastic region in both quasi-static tension and 
monotonie compression prior to non-linearity associated with matrix damage. Also they 
studied the fr acture of notched samples, and propose that failure is due to cracks that 
rupture fibre bundles and are tlien arrested by matrix voids. Cracks then propagate 
along the fibre/matr*ix interface until self-arrest, and then these cracks link together until 
catastrophic failure occurs.
Wang and Laird (1996) have examined the microstructure of an imbalanced plain weave 
CVI C/SiC composite with a SiC surface coating on the fibres. They report cracks 
(processing induced) within the composite prior to loading. Despite these cracks there is 
still a linear* region in the stress-strain ciu've. From loading/unloading tests at higher 
loads they foimd that a decrease in the modulus corresponds with an increase in the 
crack density. They report tliat the failme of the composite is influenced by the crimp
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regions (non-uniform stress concentrations and discontinuous matrix) which cause matrix 
cracking and fibre bundle fracture.
With regard to micromechanical properties of SiC/SiC Sanchez et al (1996) (discussed 
earlier in section 2.4.4.1) report that for non-treated woven SiC/SiC the interfacial shear 
strength is 90-110 MPa. For a heat-treated (1500 °C for 4 hour's) woven SiC/SiC 
composite they report no debonding stress, as the heat treatment allows tire formation of 
silica bridges and so a strong fibre/matrix interface.
Pluvinage et al (1996) have investigated the mechanical behaviour of 2D and 3D CVI 
SiC/SiC composites in tension and compression. They report that the transverse matrix 
cracking is influenced by the interyarn pores, and at high stress levels they observe fibre 
damage.
Kuo and Chou (1995b) examined the mechanical behaviom' of plain weave SiC/SiC 
laminates. A minimal difference was fomrd on the initial linear elastic constants with 
different stacking sequences of the SiC cloths. However, they found that while porosity 
had a significant effect on the stiffness, fibre mrdulatioir showed little effect. The 
porosity iir the laminate influeirced the evolution of damage, the interyarn pores 
initiating the matrix cracks. A fracture mechanics approach based on a total energy 
balance was used for the calculation of critical strain for the initiation of transverse 
cracks. Using this approach, both a finite element and shear lag solution (which 
considered the fibre undulation) found similai' values for the critical strain. These 
values were between the maximum and minimum of the fiactme mechanics values 
calculated using a finite element method. The reduction in modulus (which considers
tofibre undulation) due/^matrix cracking is calculated using a shear lag approach similar to 
that of Kuo and Chou (1995a). The difference in the predicted composite modulus 
between the FE and shear lag analyses was only 5-10%.
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2.3.S.3 Cyclic Fatigue
Wang et al (1991b) extended their work witli the C/SiC composite material to include 
fatigue cycling. They have studied the cyclic fatigue under tension-tension of notched 
and umiotched (as-received) samples. In both cases they observe residual strains on 
unloading on the first cycle, and repeated loading-unloading cause a slight creep strain.
It is suggested that this residual strain is due to microcracks remaining wedged open due 
to debris (spalled fragments) and incomplete crack closure connected with smface 
rouglmess. The creep strain is associated with the accmnulation of these irreversible 
processes. They report that the maimer of failure under cyclic loading was similar to 
that observed imder monotonie loading.
Reynaud et al (1992) have proposed a simple model for the calculation of the fatigue 
life of a CVI processed woven SiC/SiC composite. They base their model on the 
microstructural properties of an UD (or ID) composite, with the cracks initiating at the 
matrix voids in the structure. The cracks are always separated, without their stress 
transfer lengths overlapping. They use Weibull statistics to describe the fibre failures, 
and so overall specimen failure. They propose in their model that cyclic fatigue is due 
to the decrease in the interfacial sheai’ strength, t, and when this t  reaches a limit 
tlien no fiirther fatigue occurs.
2.4 Conclusion
Many previous workers have studied the mechanical behaviour of SiC/CAS composite 
systems based on continuous (non-woven) reinforcement. A number of models have 
been proposed to predict the microcracking in the composite with reasonable agreement 
with experimental results, in particular the effect on the stress-strain behaviour.
There is a significant literature for woven PMCs. This work has concentrated to a large 
extent on the modelling of elastic behaviour, although there are studies emerging
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concerned with damage development. Matrix microcracking is obviously likely to be 
the main damage event of interest in woven CMCs. There is a need to find a way to 
quantify this damage and its effect on composite properties. There does not appear to 
be any published work on the study of glass or glass-ceramic matrix composites with 
woven fabrics. The CMCs with woven fabrics that have been mainly studied aie the 
SiC/SiC and C/SiC material systems.
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Figure 2.1 The effect of the interfacial sliding stress, r  on the matrix cracking 
stress, Oq as calculated using an ACK prediction. The residual stress, q, in the 
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stresses, in the laminate. From Beyerle et at (1992).
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interface. (■ ,□ )  Experimental data. From Wang and Parvizi-Majidi (1992).
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Figure 2.7 Continuous quasi-static stress-strain data for the UD SiC/CAS composite (....) 
compared with model prediction (-----). From Pryce and Smith (1993).
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Figure 2.8 Different regimes in fatigue behaviour of a UD SiC/CAS composite; 
regions I and IV no sliding, high static coefficient; regions II and V easy sliding, 
low dynamic coefficient; regions III and VI difficult sliding, high dynamic 
coefficient. From Thomas et al (1993).
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Figure 2.10 Eight harness satin weave stmctuie.
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Figure 2.11 Unit cell of a plain weave fabric lainina for a two-dimensional crimp model. 
From Naik and Sliembekar (1992a).
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Figure 2.12 (a) The shape of the repeating unit of an eight-hamess satin weave, 
(b) Modified shape for the repeating unit, (c) Idealisation of the bridging model. 
From Chou and Ishikawa (1989).
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3.1 Material
3.1.1 SiC Fibre/Pyrex Matrix Composites
A total of eight woven Nicalon’ fibre reinforced Pyrex (borosilicate glass) matrix 
(SiC/Pyrex) laminates were received from Rolls-Royce pic. These woven SiC/Pyrex 
laminates had eiüier a plain weave (PW) or a five harness satin weave (5HSW) 
architecture. The PW and 5HSW laminates were asssembled from 6 layers of woven 
cloth, with the laminates having a thickness of 1.7-2.2 mm. The SiC/Pyrex laminates 
were either pressed at a Tow temperatm-e’ of 930°C, or pressed at a Tiigh temperatrne' 
of 1200°C. The laminate details are given in Table 3.1.
3.1.2 SiC Fibre/Calcium Aluminosilicate Matrix Composites
Tliree woven Nicalon fibre reinforced calcium aluminosilicate matrix laminates 
(SiC/CAS) were received fi'om Rolls-Royce pic. The SiC/CAS laminates were 
manufactured by Corning Inc. The PW laminates were assembled from 6 layers of 
woven cloth, and the 8HSW laminates were assembled from 4 layers of woven cloth, 
and both laminates had an approximate thickness of 2.2 mm. The laminate details are 
given in Table 3.2.
In Figure 3.1 the plate orientation nomenclatm*e is illustrated. It appears that there is no 
standar d approach to the description of various planes within the laminate. The co­
ordinate system adopted in this study is illustrated in Figure 3.1.
In the terminology of Figure 3.1 the y-direction is also called the warp direction on the 
plate, and the x-direction is the weft direction.
’Nicalon is a trademark of the Nippon Carbon Company.
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3.2 Microstructural Studies
3.2.1 Sample Preparation for the Light Microscope
The woven composite laminates were cut to the required size using a water-cooled 
diamond saw. The sample pieces were then mounted in a cold-curing epoxy resin and 
prepared using standard metallographic preparation techniques (micro-sectioning). They 
were ground using 20 pm, 30 pm and 10 pm diamond wheels with a water lubricant. 
After cleaning they were then polished on a polishing wheel using 6  pm and 1 pm 
diamond particles suspended in an oil based slurry. They were cleaned, and studied 
with a Zeiss Axiophot microscope using reflected light; photographs were taken using 
the attached camera.
3.2.2 Sample preparation for the Scanning Electron Microscope
The laminate sample pieces were prepared in the same way as for the light microscope. 
Wlien polishing was complete, they were coated with a layer of gold from a gold 
sputter, to prevent charging of the samples when studied in a Cambridge Instruments 
8100 scanning electron microscope (SEM).
3.2.3 Edge Replication
An acetate tape was softened using acetone, and then pressed against the edge of the test 
coupon. After approximately 30 seconds the pressure was removed and the acetate tape 
was carefully peeled away from the edge. This acetate replica of the edge was then 
pressed between two layers of glass, and studied with the aid of a light microscope 
using either reflected light or transmitted light.
3.2.4 Volume Fraction Determination
The woven composite laminates were cut to the required size using a water-cooled 
diamond saw. The sample pieces were then weighed, and placed in 100% hydrofluoric
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acid (HF), until all the matrix dissolved. The remaining woven fibre network was 
neutralised in IM sodium hydroxide (NaOH) solution, and rinsed carefully in water.
The fibre network was dried in an oven, and then weighed. From the weights of the 
initial sample and the fibre network, and knowing the matrix and fibre densities, the 
fibre volume fractions were calculated.
3.3 Damage Monitoring Techniques
3.3.1 X-Ray Dyes
A zinc iodide (Znl) dye penetrant was applied to the sample, and the excess penetrant 
remaining on the surface was removed. The sample was then placed in an X-ray 
exposure machine between the X-ray source and a X-ray sensitive film. The film and 
sample were exposed for a period of time, then the film was developed. If any voids, 
or cracks have allowed access to the Znl penetrant then they will show up on the 
exposed film as a white feature on a black background.
3.3.2 Ultra-Violet Dyes
An ultra-violet (UV) sensitive dye penetrant was applied to the sample, and any excess 
dye removed. The sample was then illmninated with an UV light source, and any 
exposed dye will fluoresce in the visible light band.
Dye fluorescence can be stimulated by using a light microscope with an UV light 
soiuce, or using the confocal scamiing laser microscope (CSLM) with a 488 nm argon 
laser.
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3.4 Mechanical Testing
3.4.1 Tensile Test Coupon Preparation
The woven fibre laminates were cut into 80 mm long, and approximately 10 mm wide 
coupons using a water-cooled diamond saw. The edges of the coupons were polished to 
a 1 pm finish using conventional metallographic preparation teclmiques, see section 
3.2.1, Aluminium end tabs were bonded to the ends of the coupons using a Permabond 
F246 rubber toughened acrylic adhesive. The coupons had a final gauge length of 
50 mm. A Teclmical Measurements Limited (TML) PL-10 (10 mm gauge length) strain 
gauge was bonded to the coupon using a cyano-acrylate adhesive. If the Poisson’s ratio 
was to be determined then a TML FCA-5 (5 mm gauge length) stacked 0790° strain 
gauge was used.
For some coupons the applied strain in the coupon was measiued also using a 25 mm 
gauge length extensometer. The extensometer was bedded to the coupon using araldite 
to produce seating points for the extensometer blades.
3.4.2 Quasi-Static Tensile Testing
3.4.2.1 Introduction
The tensile test coupons were tested in an Instron model 1175 tensile testing machine 
using a 100 1(N load cell, with a crosshead speed of 0.05 mm/min for all the tests.
Strain gauges were processed using a digital strain indicator (Measurements Group 
P-3500), witli the load and strain results recorded using a pen chart recorder. The strain 
measined by the extensometer was processed by the strain control box of tire Instron 
1175. The values of the modulus were generally calculated from the 0.04% secant 
modulus of the loading curve. For some samples values of the unloading secant 
modulus were calculated, and compared with the secant modulus. Figine 3.2 illustrates 
the difference between the 0.04% secant modulus and the mrloading secant modulus.
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3.4.2.2 Monotonie Loading
The tensile test coupons, were loaded continuously to catastrophic failure, with the 
applied strain measuied using a strain gauge. The 0.04% secant modulus, stress to 
failure and strain to failure were obtained from coupons tested in this way. From the 
load-strain curve, the onset of non-linearity gives an indication of a value for the matrix 
cracking tlrreshold.
3.4.2.3 Static Fatigue
The tensile test coupons were loaded to an applied strain above the onset of non- 
linearity in the load-strain curve. The test coupons were then held at this applied strain 
for a period of time in a normal room temperatur e and humidity environnierrt. The 
initial and final moduli were measrned, to infer whether any environmentally assisted 
sub-critical crack growth, i.e. static fatigue, had occurred.
3.4.2 4 Incremental Cyclic Loading
The tensile test coupons were loaded to a pre-set applied strain, then unloaded. The 
coupon was then reloaded to the next ‘higher’ pre-set applied strain, and miloaded. The 
residual strain associated with each loading cycle was recorded. This was continued 
imtil the applied strain reached the final required level. This loading regime allows the 
effect of applied strain and associated cracking on the ciunulative residual strain and 
modulus to be studied.
3.4.2.S Cyclic Loading
Tensile test coupons were cyclically loaded for a number of cycles (usually 10 cycles) 
to pre-set applied strains. The applied strain was measured using strain gauges and/or 
extensonieters. By comparing tlie load-strain behaviour at each cycle it can be seen 
when the hysteresis loops stablise at this applied strain.
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3.4.2.6 Cracldng Density
After a loading regime, the edge of the test coupon was replicated using the technique 
described in section 3.2.3. The resulting replica was photographed using the light 
microscope. From the edge replica photomicrograph the crack density was calculated by 
measuring the length of the matrix microcracks observed, and dividing the total length 
of these cracks by the aiea of the laminate within which the cracks are seen. This leads 
to the total crack length per unit area of edge section.
3.4.3 Fatigue Tensile Testing
The tensile test coupons were tested in an Instron 1341 servo-hydraulic testing machine 
using a 100 kN load cell. The testing was carried out in a controlled environment of 
temperature (20°C) and humidity (50%). A ratio of minimum to maximum stress (R) of 
0.1 was selected to prevent the test coupons from going into compression.
Initially the tensile test coupons were cyclically loaded for 10 cycles in the Instron 1175 
tensile testing machine to a constant applied stress. The load-strain curves were 
recorded and tlie 0.04% secant modulus obtained. The tensile test coupons were then 
cycled in the 1341 servo-hydraulic testing machine for a pre-determined number of 
cycles at a constant applied stress. The test coupons were then loaded in the Instron 
1175 so that the modulus could again be obtained. Edge replicas were taken of the 
coupon so that the matrix microcracking density could be obtained. Table 3.3 illustrates 
a typical loading regime for a test coupon.
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Table 3.1 SiC/Pyrex laminates received from Rolls-Royce pic.
Laminate Processing Temperatine Weave
Architecture
221 low temperature 5HSW
22 2 low temperature PW
223 low temperature 5HSW
224 high temperature PW
A low temperature 5HSW
B high temperature 5HSW
C high temperatiue 5HSW
D high temperatui'e PW
Table 3.2 SiC/CAS laminates received from Rolls-Royce pic.
Laminate Weave
Architectiue
302L 8HSW
303L PW
304L PW
Note 8HSW means 8 harness satin weave
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Table 3.3 A typical fatigue testing regime.
Number of cycles Testing
machine
Modulus
measured
Replica
takentotal
10 10 1175 / /
90 100 1341 X X
2 102 1175 / /
900 - 1,000 1341 X X
2 - 1,002 1175 / /
9,000 - 10,000 1341 X X
2 - 10,002 1175 / /
90,000 - 100 ,000 1341 X X
2 - 100 ,002 1175 / /
100 ,000 - 2 0 0 ,0 0 0 1341 X X
2 - 2 0 0 ,0 0 2 1175 / /
100 ,000 -300,000 1341 X X
2 -300,002 1175 / /
continued to failure 1341 — —
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Figure 3.1 Nomenclature of the plate orientations.
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Figure 3.2 Stress-strain graph illustrating the 0.04% secant modulus and unloading 
modulus
4 Quasi-static Testing 
o f SiC/Pyrex
4 Quasi-static Testing o f  SiC/Pyrex___________________________________________________________________________________________ 59
4.1 Introduction
This chapter presents the results of the quasi-static tensile testing of the woven 
SiC/Pyrex laminates. The chapter is divided into four sections; the first section looks at 
the laminate microstructure before tensile testing. The second section presents the 
tensile testing results, and the third section examines the damage that occurs during 
these tests. The final section discuss the vaiious mechanisms and supporting theory 
relating to the damage and mechanical behaviour of the woven SiC/Pyex laminates.
4.2 Microstructural Studies
4.2.1 Low Temperature Processed SiC/Pyrex
The as-received low temperature processed SiC/Pyrex laminates were micro-sectioned, 
as described in section 3.2.1. The internal structuies of the PW and 5HSW can be seen 
in Figuie 4.1 and Figure 4.2 respectively. Both figures show the 0° fibre tows, the 90° 
fibre tows and the matrix region. Undulation of the 0° fibre tows can be seen, and 
within the matrix region dark outlined neai'-circular shapes are observed. Examination 
of these near-circulai* shapes seen in the matrix region using reflected light microscopy 
and using the SEM suggests that they aie cracks.
4.2.2 High Temperature Processed SiC/Pyrex
4.2.2.1 Microscopy
The as-received high temperature laminates were micro-sectioned. The internal 
structures of the PW laminate and the 5HSW laminate are shown in Figure 4.3 and 
Figure 4.4 respectively. No pre-existing cracks were seen in the high temperature 
SiC/Pyrex micrographs. Some regions of lighter contrast than the suiTOunding area were 
seen in the matilx; these regions were analysised using energy dispersive X-ray analysis 
within the SEM. They were found to consist mainly of carbon, which is thought to be
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the residue of a burnt organic from the laminate processing.
4.2.2.2 Volume Fraction Calculation
The volume fraction of fibres and matrix (Vf and V,„ respectively) of the PW and 
5HSW SiC/Pyrex composites aie shown in Table 4.1. The values were obtained by the 
method described in section 3.2.4, and the measured values are similar to the 
manufactiners estimate of Vf as approximately 0.36.
4.3 Tensile Testing
4.3.1 Low Temperature Processed SiC/Pyrex
The low temperatuie processed SiC/Pyrex tensile test coupons (both PW and 5HSW) 
failed prematuiely at an applied strain of less than 0.1%. Figure 4.5 shows the stress- 
strain curves for a PW and a 5HSW low temperatuie processed SiC/Pyrex test coupon.
A summary of the tensile test results are shown in Table 4.2. This premature failure, in 
conjunction with the non-linearity in the stress-strain curve and microscopy, supports the 
idea that the as-received low temperature processed SiC/Pyrex laminates were pre­
cracked. A possible reason why these cracks appear in the low temperature processed 
SiC/Pyrex and not in the high temperature processed SiC/Pyrex is that the rate of 
cooling experienced by the low temperature plate during fabrication is more critical than 
in the high temperature plate. Further work would be needed to assess this, but is 
outside the scope of this project.
4.3.2 High Temperature Processed SiC/Pyrex
4.3.2.1 Monotonie Loading
Figure 4.6 shows typical stress-strain results for PW and 5HSW high temperatme 
processed SiC/Pyrex test coupons. A smnmary of the tensile test results for SiC/Pyrex
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are shown in Table 4.3. The Young’s modulus (E), and Poisson’s ratio values are 
the results from the elastic portions of both continuously and discontinuously loaded 
tests; the strain to failure (Cf) is from the continuously loaded tests only.
It can be inferred from the onset of non-linearity in the stress-strain curves (see 
Figure 4.6) that the cracking tlrreshold of the PW and 5HSW laminates is between 
0.04% and 0.06% applied strain.
4.3.2.2 Static Fatigue
In order to eliminate static fatigue as a factor in specimens that were incrementallly 
loaded to higher strains, or cycled, a test was cairied out to assess in a simple way, 
whether cracking was time-dependent.
A plain weave SiC/Pyrex tensile test coupon was held at an applied strain of 0.1% (i.e. 
a level at which cracking occurs) for 56 hours in a room temperature and hiunidity 
environment. The initial and final mrloading moduli were deterrniired as 69 GPa arrd 
71 GPa, respectively. As there is rro signifrcarrt differeirce betweerr these two moduli 
(and certainly rro reduction which would suggest progressive crackirrg) it is concluded 
that rro static fatigue occurs during the duration of the quasi-static tests.
4.3.2.3 Incremental Cyclic Loading
The behaviour urrder increrrrerrtal cyclic loading was studied using SiC/Pyrex terrsile test 
coupons. By errrployirrg this loadirrg regime the effect of applied strairr (and associated 
crack accmrrulatiorr) on the larnirrate modulus can be studied. A test couporr was loaded 
to a particular applied strairr (e.g. 100 ps) then unloaded, reloaded to the next strairr 
iircreirrent (e.g. 200 ps) and mrloaded again. This continued mrtil the strain reached a 
level of 1800 pe. A series of differeirt applied strain cyclic irrcrenreirts of 100 ps,
200 ps, 400 ps, and 800 ps were irrvestigated. Typical load-strain cmves dmirrg part of 
such a test are shown iir Figure 4.7. Figure 4.8 arrd Figure 4.9 show graphs of the 
rrorrrralised mrloadiirg Yomrg’s irrodulus as a function of applied strain for a 5HSW
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composite and a PW composite respectively.
From Figure 4.8 there appeal’s to be no spread between the curves for the different 
applied strain increments. This would suggest that no discernible loading time- 
dependent effects aie observed, in accordance with the result in section 4 .3 .2 .2 .
In the region below the onset of matrx microcracking the value for tlie normalised 
modulus sometimes rises above unity. The reason for this is that the scale for 
measui’ing the load and strain is small, so that there can be some error in the calculation 
of the modulus. At higher loads and strains this error decreases rapidly.
Figure 4.8 and Figure 4.9 both indicate that there is an approximate reduction in the 
laminate unloading modulus by 40% at an applied strain of 0.16%. Comparing 
Figui'e 4.8 and Figure 4.9, there appears to be no significant difference in the shape and 
final reduction in the normalised unloading modulus curves between the two woven 
systems.
4.3.2.4 Cyclic Loading
The response of PW and 5HSW SiC/Pyrex tensile test coupons to quasi-static cycling 
has been studied using sti'ain gauges and extensometers to measuie the strain. Both PW 
and 5HSW SiC/Pyrex test coupons were cycled at applied strains of 500 pe, 1000 pe, 
2000 pe and 3000 pe.
Figure 4.10 to Figure 4.17 show the change in modulus behaviour during cyclic loading 
of 5HSW SiC/Pyrex. Figure 4.10 and Figure 4.11 show the normalised unloading 
modulus as a fimction of the cycle number at different applied strains, measured using a 
strain gauge and extensometer. Figure 4.12 and Figure 4.13 show the normalised 0.04% 
secant modulus as a function of the cycle number at different applied strains, measured 
using a strain gauge and extensometer.
From the graphs of the normalised unloading modulus (Figure 4.10 and Figure 4.11) it
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might be inferred that the modulus measured from the loading component of the cyclic 
stress strain cui've (hysteresis loop) stablises within the first or second cycle. However, 
the graphs of the normalised 0.04% secant modulus (Figure 4.12 and Figui’e 4.13) 
indicate that the modulus measured from the hysteresis loops do not stablise until after 
the third or foui’th cycle.
Figuie 4.14 to Figuie 4.17 enable the results from the strain gauge and extensometer to 
be compared more easily by plotting absolute (rather than normalised) values for the 
two methods on the same figure. Figuie 4.14 and Figure 4.15 show the unloading 
modulus as a function of the cycle lumiber at different applied strains while Figure 4.16 
and Figure 4.17 show the 0.04% secant modulus as a fimction of the cycle nmnber. 
There is a consistent (small) difference between the modulus values for the strain gauge 
and extensometer right from the initial value of the respective Young’s modulus. Aside 
from the small difference in the actual value of the moduli between the strain gauge and 
extensometer, the trends of the strain gauge and extensometer data are very close.
Figure 4.18 to Figui’e 4.21 show the change in modulus behaviour during cyclic loading 
of PW SiC/Pyrex. Figure 4.18 and Figure 4.19 show the unloading modulus as a 
function of the cycle number at different applied strains, measured using a strain gauge 
and extensometer. Figure 4.20 and Figuie 4.21 show the 0,04% secant modulus as a 
function of the cycle number at different applied strains, measured using a strain gauge 
and extensometer.
The strain gauge and extensometer modulus values correlate very well at all the applied 
strains. The unloading modulus values of the strain gauge and extensometer stablise 
within the first or second cycle, see Figure 4.18 and Figure 4.19. Figure 4.20 and 
Figure 4.21 show that the 0.04% secant modulus values for the strain gauge and 
extensometer stablise within the third or foui’th cycle. The behaviour is very similar to 
that of the 5HSW SiC/Pyrex laminate.
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4.4 Damage Observations
4.4.1 Microscopy
Tensile test coupons that had been loaded past the onset of non-linearity in the stress- 
strain curve to approximately 0.18% strain, and coupons that had been failed in a 
catastrophic manner were micro-sectioned, and the internal structuie studied. No visible 
cracking was seen in the y-z plane (Figure 3.1 illustrates the plate orientations) using 
either an optical microscope with reflected light, see Figure 4,22, or a SEM. However, 
in the x-z plane a number of cracks were seen using either an optical microscope with 
reflected light, see Figme 4.23, or a SEM.
This micro-cracking is unexpected, as in an unwoven cross-ply [0790°] composite the 
cracking would be expected to be seen principally on the y-z plane (90° ply cracking) 
and maybe to a limited extent on the x-z plane (if 0° splitting was present). However, 
these cracks in the woven SiC/Pyrex composite (both PW and 5HSW) were thought 
initially to grow in a plane parallel to the y-z plane, but with the resultant crack path 
intersecting the x-z plane, see Figure 4.24.
Other tensile test coupons were loaded beyond the elastic region and an X-ray and an 
ultra-violet dye penetrant applied to the edges of the coupon and studied as described in 
sections 3.3.1 and 3.3.2 respectively. No matrix microcracking was observed in the X- 
ray photograph using this teclinique. However, using the ultra-violet dye penetrant 
matrix microcracking could be seen in the sample, but it was not possible to quantify 
this damage effectively. Using the confocal scanning laser microscope (CSLM) tlie 
cracks in the matrix rich areas in the laminate could be followed below the surface.
The best method for the quantiflcation of the matrix microcracking was the edge 
replication teclinique described in section 3.2.3. Wlien edge (i.e. y-z plane) replicas 
were made of the test coupon mider an applied strain then matrix microcracldng was 
clearly visible. The microcracks observed were either orientated parallel (longitudinal) 
or perpendicular (transverse) to the applied load. The results fi’oiii using this teclinique
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to quantify matrix microcracking are described in the following section.
4.4.2 Crack Density Quantification
The increase in crack density with applied strain in the PW SiC/Pyrex and 5HSW 
SiC/Pyrex laminates has been studied. The crack density is determined using the 
method described in section 3.4.2.6 .
Figuie 4.25 to Figure 4.28 show the matrix microcracldng observed using transmitted 
light microscopy on the edge replicas of a 5HSW SiC/Pyrex test coupon taken at 
different applied strains. From these photomicrographs of the edge replicas two types of 
microcrack, transverse and longitudinal can be seen. The transverse cracks lie in both 
matrix-rich and fibre-rich regions, and can extend several tow widths. The longitudinal 
cracks that are seen lie mainly at the edge of fibre-rich regions in the warp tow. In 
some cases transverse cracking in the longitudinal tows could also be discerned. 
However, these were not quantified since they were not detected consistently and 
therefore could not be measuied accuiately.
Figure 4.29 shows the densities of the two different types of matrix crack and the total 
crack density, i.e. crack lengtli per area measured from the edge
replicas of a PW SiC/Pyrex test coupon as a function of applied sti'ain, measured using 
a strain gauge. Figure 4.30 shows the total crack density and reduced modulus for the 
same PW SiC/Pyrex test coupon as functions of applied strain. There was no 
discernible matrix microcracldng on the edge replicas up to an applied strain of 
approximately 0.04% (400 ps). After loading beyond this tlireshold value, microcracks 
were observed in the edge replica and a corresponding reduction in the normalised 
modulus is seen. These initial cracks were transverse to the load direction. From 
Figure 4.29 it can be seen that longitudinal matrix microcracldng did not occur until 
higher strains, typically 0.1% (cracks parallel to the loading direction). As the applied 
strain increases the proportion of these longitudinal microcracks increases. On 
continued loading a general increase in tlie crack density and reduction in the 
normalised modulus were observed. The rate of fall in modulus is reduced once the
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density of transverse cracks starts to level off even though the density of longitudinal 
cracks is still increasing. The test coupon failed at an applied strain of approximately 
0.57%.
Figure 4.31 shows the densities of the two different types of matrix crack (transverse 
and longitudinal) and the total crack density, measured from the edge replica of a 
5HSW SiC/Pyrex test coupon as a function of applied strain (measured using a strain 
gauge). Reduced modulus and total crack density in the 5HSW SiC/Pyrex test coupon 
are shown in Figure 4.32 as functions of applied strain. As in the PW SiC/Pyrex, no 
reduction in the modulus or matrix microcracking was observed at an applied strain 
below approx. 0.04%. On fiu'ther loading matrix microcracking was observed from the 
edge replica, with a corresponding decrease in the normalised modulus. Again 
longitudinal matrix microcracking was observed after an applied strain of 0 .1%, 
although there was less longitudinal cracking overall compared to the plain weave 
system.. The test coupon failed at an applied strain of 0.48%.
4.5 Discussion
4.5.1 Low Temperature Processed SiC/Pyrex
The low temperature processed SiC/Pyrex laminates fail prematurely when loaded 
beyond an applied strain of 0.1%. From microstructural observations there appeared to 
be matrix microcracking throughout the whole laruinate even before loading, possibly 
associated with the formation of a-cristobalite (a polymorph of silica) diuing processing. 
It is reported by Bleay and Scott (1991), Pryce et al (1990), and Mmty and Lewis 
(1989) that this cristobalite phase causes microcracking in the matrix regions, and their 
observations are consistent with the circular crack morphology seen here. They consider 
that the cracking arises due to thermal stresses associated with the large mismatch in the 
coefficient of thermal expansion between the cristobalite (27x10^ °C’) and the Pyrex 
glass (3.2x10'® °C') or SiC fibres (3.1x10'® “C' )^ in the composite.
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This would explain the failure of the laminates; it is thought that the cristobalite phase 
results from unsatisfactory processing. A study to investigate this more fully is outside 
the scope of this project.
4.5.2 High Temperature Processed SiC/Pyrex
4.5.2.1 Evolution of Damage
4.5.2.1.1 Role of Cristobalite
No premature failures of the high temperature processed SiC/Pyrex laminates were 
observed. Microstructural study of the laminates before loading shows no circular 
cracks, or other suggestion of the presence of cristobalite in the matrix. No matrix 
microcracking was observed on the edge replicas while loading of the test coupons was 
in the elastic region of the stress-strain cui'ves. Interestingly, an elastic portion to the 
sti’ess-strain curve does not necessarily mean that there is no cristobalite present. 
Ramakiislman and Jayaraman (1992), and Bleay and Scott (1991) observed elastic 
behaviour in the stress-strain curves of both unidirectional and cross-ply SiC/Pyrex 
laminates and the absence of cristobalite. However, Habib et al (1990) report 
cristobalite in the matrix and still observe a linear region in the stress-strain curve. It 
seems likely that a critical fraction of cristobalite is necessary to cause significant 
cracking prior to loading.
4.5.2.1.2 Microcracking
Once the SiC/Pyrex laminate has been loaded beyond the linear elastic region ("knee") 
matrix microcracking is observed on the edge replicas. Initially the matrix 
microcracking observed is transverse in nature, Figure 4.25, on continued loading the 
transverse cracking density increases, Figure 4.26, and finally longitudinal microcracking 
is also seen, Figure 4.27 and Figure 4.28. In generic crossply laminates (both polymeric 
and ceramic matrices) transverse microcracking is observed, but usually longitudinal 
cracking is not observed. It is thought that the undulation of the longitudinal fibre tow
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due to the weave architecture promotes the longitudinal cracking. Figure 4.33 illustrates 
this effect, Figure 4.33a shows a longitudinal fibre tow, the surrounding transverse fibre 
tows and the associated transverse microcracks in a laminate loaded beyond it elastic 
limit. Figure 4.33b shows the same longitudinal and transverse fibre tows at a higher 
applied strain, the transverse microcrack density has increased. As the applied strain 
increases the longitudinal fibre tow tries to straighten and so a tlu'ough-thiclaiess tensile 
stress is set up between the cracked transverse regions and the longitudinal fibre tow. 
This tensile force increases sufficently to overcome the fibre/matrix interfacial tensile 
sti'ength and so allow a longitudinal crack to propagate along the longitudinal fibre tow 
matrix interface. As the interfacial shear stress has been reported by Bleay and Scott 
(1991) to be low (t = 2-8 MPa) and Murty and Lewis (1989) have observed crack 
deflection at the fibre/matrix interface then at high applied loads it is possible for the 
transverse matrix microcrack to be deflected at the longitudinal fibre tow and matrix 
interface.
Following the above argument, wliich suggests that the fibre undulation acts as a 
nucleus for the longitudinal cracking it would be expected that the plain weave 
architecture would have a higher density of longitudinal cracks tlian the satin weave. 
Comparing the longitudinal crack density in Figure 4.29 and Figiu'e 4.31 shows that this 
is the case with the plain weave having a higher longitudinal crack density than the satin 
weave for a given applied strain. It is also seen in these two figures that the 
longitudinal cracking does not occur mitil there is transverse cracking in the matrix 
suggesting that the presence of these cracks promotes the tendency of the longitudinal 
tow to straighten. From tests on imidirectional and cross-ply laminates matrix cracking 
in 0” plies is seen. As indicated earlier this was difficult to discern from replication or 
microscopy, but there was some evidence.
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4.5.2.2 Stress-Strain Behaviour
4.5.2.2.1 Linear Elastic Region
A lineal’ elastic region was observed in the stress-strain cui'ves, and the onset of non- 
linearity in the stress-strain ciu’ve appears between 0.04% and 0.06% applied strain for 
both the PW and 5HSW laminates. The initial modulus of the PW and 5HSW 
laminates shown in Table 4.3 is comparable to the approximate theoretical modulus of 
99 GPa and 97 GPa respectively as calculated using a rules of mixture equation (such 
predictions are discussed further in chapter 7).
It is interesting to compare the values obtained here with those reported by other 
workers for compaiable non-woven systems. Ramakiishnan and Jayaraman (1992) 
report an initial modulus at room temperature of 107 GPa for an UD SiC/Pyrex 
laminate. Pryce (1991) reports for a [0]g UD and a [0/90]^  ^ cross-ply SiC/Pyrex 
laminate initial moduli of 107 GPa and 70 GPa respectively, while Habib et al (1990) 
report values of 95 GPa and 69 GPa respectively for the same lay-ups (both have 
Vf = 0.34). A possible reason for the higher modulus of the woven laminates compared 
with the cross-ply laminates (despite similar volume fraction of fibres) is that the woven 
materials have been processed better (no observed cristobalite). As indicated in section
4.5.2.1.1 the presence of cristobalite has been shown to be determinental to the 
mechanical properties of SiC/Pyrex laminates.
The various laminate plate theory models which consider the weave architecture, Chou 
and Ishikawa (1982, 1989) and Naik and Shembekar (1992a, 1992b, 1992c) predict a 
lower modulus for a plain weave laminate when compared with a satin weave laminate. 
From this it would be expected that the 5HSW laminate would have a higher modulus 
than the PW laminate. However, examining the experimental results, Table 4.3 shows 
that this is not always the case. The reason for this discrepancy is probably minor fibre 
vohune fraction variations among the 5HSW laminates all of which have a slightly 
lower fibre volume fraction than the PW laminates. This is discussed further in chapter 
7.
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4.5.2.2.2 Modulus Reduction
As the matrix microcracks the modulus decreases. It is suggested that the transverse 
nicrocracks have a greater effect on modulus than the longitudinal microcracks although 
their effect is less at higher crack densities. From Figme 4.30 and Figure 4.32 it is seen 
that when the normalised modulus begins to level off (above 2 0 0 0  ps) the cracking 
density still increases linearly. This would suggest that the matrix is not fully saturated 
with microcracks despite the levelling off in the normalised modulus.
Wlien the laminates are nearly satiuated with matrix microcracks, the normalised 
modulus is reduced by 40%, see Figure 4.8 and Figrue 4.9. The theoretical reduction of 
the laminate modulus when the matrix is completely saturated with cracks is 
approximately 50-55% calculated assmning that only the 0° fibres contribute to a rules 
of mixture equation. This theoretical reduction is comparable to the experimental 
reduction. Discrepancies arise due to the effects of fibre undulation and more 
importantly due to the matrix still carrying some stress even at high crack densities.
From Table 4.3 it is seen that the strain to failure of the PW (Sf = -0.42%) is greater than 
for the 5FISW (Sf = -0.32%). A likely reason for tliis is that the plain weave laminate 
has more crimp regions than the satin weave and so when the matrix microcracks then 
the fibre tows can extend furiher. It is possible that the midulation of the warp tows 
(longitudinal tows) acts as a str'ess concentration point for the fibres initiating prernatme 
failure. Habib et al (1990) report for a [0/90]3s cross-ply SiC/Pyrex laminate a failure 
strain of 0 .8% supporting the idea that a woven laminate fails at a lower strain 
compared to a cross-ply laminate.
4.5.2.2.3 Hysteresis
Figure 4.7 shows loading and unloading during a cyclic test. Botli the PW and 5HSW 
SiC/Pyrex laminates exhibit hysteretic behaviour once loaded beyond the linear elastic 
region of the stress-strain curve. This hysteretic behaviour is associated with internal 
friction. One origin of such friction in imidirectional material is when a matrix
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microcrack is bridged by a fibre such that load transfer occurs across the fibre/matrix 
interface. Load transfer across this region is generally talcen as frictional such that for 
the fibre to slide relative to the matrix an interfacial shear stress, x must be overcome, 
Figure 4.34. Wlren this interfacial shear' stress is overcome and fibre sliding occurs this 
leads to hysteresis in the stress-strain curve. Such a mechanism and its effect on the 
stress-strain behaviour of unidirectional and cross-ply CMC laminates has been well 
documented in the literatiu'e, Aveston et al (1971), Beyerie et al (1992) and Pryce and 
Smith (1992). Such a mechanism will also operate in the woven system once cracks 
run into the 0° fibre tows. A second possible mechanism of friction within the 
SiC/Pyrex woven laminates could be associated with the (curved) longitudinal 
microcracks. Cyclic loading could lead to relative motion of the faces of these cracks 
giving rise to a contiibution to tlie hysteresis.
Comparing the modulus with cycles at different applied strains for a 5HSW SiC/Pyrex 
laminate, Figure 4.12 and Figme 4.13 show that the normalised 0.04% secant modulus 
decreases, albeit slightly, as the nmnber of cycles increases. For the cycles at an applied 
strain of 500 ps Figure 4.12 shows that there is no reduction in the normalised modulus, 
reflecting tliat for this particular' specimen 500 |.ie is below the cracking threshold. The 
experimental data fr om the extensorneter at 500 j.ic is imcertain because of errors 
involved in the measurement. At an applied strain of 1000 p.8 there is a reduction in the 
normalised modulus after the first and second cycles and associated changes in the 
hysteresis loop. After the third cycle it would appear that there is no fiu'ther reduction 
in the normalised modulus. This suggests that the majority of the damage within the 
laminate (both rnicrocracking and any associated debonding) and the establishment of an 
associated stable stress-strain behaviour' occurs within the first few cycles. More of this 
effect can be seen in the reduction in the modulus of the cycles at 2000 |X8 and at 3000 
|i8 and subsequent stablilisation of the normalised modulus after third cycle. Again such 
behaviour is consistent with that reported in unidirectional and cross-ply CMCs, Pyrce 
and Smith (1993, 1994).
A comparison of the modulus with cycles at different applied strains for a 5HSW 
SiC/Pyrex laminate, Figme 4.10 and Figm'e 4.11, shows that there is negligible decrease
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in the normalised unloading modulus as the number of cycles increase. This perhaps 
supports the idea that little additional damage occurs beyond the first or second cycle 
and that the changes in the hysteresis loop are associated with an equilibrating of the 
sliding processes.
The trends described in the two paragraphs above are similar to those seen in the PW 
SiC/Pyrex laminates, Figme 4.18 to Figme 4.21.
4.5 2.3 Static Fatigue
Preliminary study of the SiC/Pyrex laminate indicates that the material does not show 
any significant static fatigue in a normal room temperature and hmnidity enviromnent. 
Although there may be no significant static fatigue dming the quasi-static tensile testing, 
there might be static fatigue over a longer time period.
4.5.2.4 Strain Measurement
In the past concern has been expressed regar ding the rneasmernent of the applied strain 
using strain gauges when the test coupons were loaded beyond the elastic region 
(Morrell (1992)). It was thought tlrat rnicrocracks appear ing under the strain gauge 
could lead to problems due, for instance, to the strain gauge tending to hold the cracks 
closed, whereas with an extensorneter this effect would not be present. From the results 
of the tensile tests with the applied strain measured using both a strain gauge and an 
extensorneter the moduli values are close (within the error of the experiments). The 
comparison are shown for a 5HSW SiC/Pyrex laminate in Figure 4.14 to Figure 4.17, 
and for a PW SiC/Pyrex laminate, Figme 4.18 to Figure 4.21. The results suggest that 
the effects due to the method of strain measurement are minor. Strain gauges were used 
for all subsequent strain rneasmernents.
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4.6 Concluding Remarks
The behaviour of PW and 5HSW SiC/Pyrex laminates under quasi-static loading have 
been studied. The low temperature processed systems were cracked prior to testing and 
displayed poor mechanical properties. The high temperature processed system showed 
stress-stxain cru'ves with an initial elastic region (up to a strain of 0.04%) followed by 
non-linearity associated with matrix cracking. Cracking reduces the modulus by up to 
around 40% at failirr*e. Measurements of strain (and hence calculated moduli) ar e 
similar whether a strain gauge or extensorneter is used. Edge replication has enabled the 
crack density to be quantified and correlated with the reduced modulus. Cracking is 
mainly transverse to the applied loading, although longitudinal cracking is seen also, 
especially in the PW laminates. This has been attributed to the midulation of the 0° 
(warp) fibre tows.
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Table 4.1 Volume Fraction Measurements for SiC/Pyrex
PW PW 5HSW 5HSW 5HSW
(224) (D) (C) (223) (B)
Vf 35% 35% 32% 31% 33%
Vm 65% 65% 68% 69% 67%
Table 4.2 Results of the tensile testing of low ternperatme processed SiC/Pyrex
Weave CJf Ef
PW 33.3 MPa 0.072%
5HSW 31.5 MPa 0.074%
Table 4.3 Results of the tensile testing of high temperature processed SiC/Pyrex
Architectrue E (GPa) Gf (MPa) Gf (%) Uxy
PW i 224 94.2 (6) SD= 4.89 193 (2) 0.415 (2) 0 .2 0
1 D 94.6 (5) SD= 7.76 190 (1) 0.434 (1) ---
! 223 81.0 (3) SD= 12.36 142 (2) 0.342 (2)
5HSW ! ^ 1 B 96.0 (7) SD- 7.05 171 (2) 0.300 (2) 0.19
i c 84.8 (5) SD= 1.95 ----
Note that the values in parentheses are the number of samples, and SD is the standard 
deviation. The laminate reference code follows the architectur e description.
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200 |im
Figure 4.1 Reflected light photomicrograph of a microsectioned as-received low 
temperature processed PW SiC/Pyrex laminate.
200 pm
Figure 4.2 Reflected light photomicrograph of a microsectioned as-received low 
temperature processed 5HSW SiC/Pyrex laminate.
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I
Figure 4.3 Reflected light photomicrograph of a microsectioned as-received high 
temperature processed PW SiC/Pyrex laminate.
200 pm
Figure 4.4 Reflected light photomicrograph of a microsectioned as-received high 
temperature processed 5HSW SiC/Pyrex laminate.
4 Quasi-static Testing o f  SiC/Pyrex 77
30
20 PW5HSW
10
0
200100 300 400
Applied Strain, pe
500 600 700 800
CO
Figure 4.5 Tensile stress-strain curves for the low temperature processed PW and 
5HSW SiC/Pyrex laminates.
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Figure 4.6 Typical tensile stress-strain curves for the high temperature processed PW and 
5HSW SiC/Pyrex laminates.
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Figure 4.7 Schematic of incremental cyclic loading test on a SiC/Pyrex test coupon.
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Figure 4.8 Results from incremental cyclic loading tests on a 5HSW SiC/Pyrex test 
coupon. The strain measured using a strain gauge.
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Figure 4.9 Results from incremental cyclic loading test on a PW SiC/Pyrex test 
coupon. The strain measured using a strain gauge.
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Figure 4 .10  N orm alised  unloading m odulus as a function o f  the cy c le  num ber at different 
applied strains for 5H SW  SiC /Pyrex. Strain m easured using a strain gauge.
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Figure 4 .11 N orm alised  unloading m odulus as a function o f  the c y c le  num ber at 
different applied strains for 5H SW  SiC /Pyrex. Strain m easured using an extensom eter.
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Figure 4 .12  N orm alised  0.04%  secant m odulus as a function o f  the cy c le  num ber at 
different applied strains for 5H SW  SiC /Pyrex. Strain m easured using a strain gauge.
1.2
0.8
500 (IE 
1000 (IE
2000 (IE
3000 (IE
5 0.6
0.4Z
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Cycle Number
Figure 4 .13  N orm alised  0.04%  secant m odulus as a function o f  the cy c le  num ber at 
different applied strains for 5H SW  SiC /Pyrex. Strain m easured using an extensom eter.
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Figure 4 .14  C om parison o f  strain gauge and extensom eter results for unloading  
m odulus as a function o f  the cy c le  num ber at 500 p e  and 1000 p e  cy c lic  strains for 
5H SW  SiC /Pyrex.
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Figure 4 .15  C om parison o f  strain gauge and extensom eter results for unloading  
m odulus as a function o f  the c y c le  num ber at 2000  p e  and 300 0  p e  cy c lic  strains for 
5H SW  SiC /Pyrex.
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Figure 4 .16  C om parison o f  strain gauge and extensom eter results for 0.04%  secant 
m odulus as a function o f  the c y c le  num ber at 500 p e  and 1000 p e  cy c lic  strains for 
5H SW  SiC /Pyrex.
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Figure 4 .1 7  C om parison o f  strain gauge and extensom eter results for 0.04%  secant 
m odulus as a function o f  the c y c le  num ber at 2000  p e  and 3000  p e  cy c lic  strains for 
5H SW  SiC /Pyrex.
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Figure 4 .18  C om parison o f  strain gauge and extensom eter results for unloading  
m odulus as a function o f  the c y c le  num ber at 500 p e  and 1000 p e  cy c lic  strains for 
PW  SiC /Pyrex.
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Figure 4 .1 9  C om parison o f  strain gauge and extensom eter results for unloading  
m odulus as a function  o f  the cy c le  num ber at 2000  p e  and 3000  p e  cy c lic  strains for 
PW  SiC /Pyrex.
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Figure 4.20 Comparison of strain gauge and extensometer results for 0.04% secant 
modulus as a function of the cycle number at 500 pe and 1000 pe cyclic strains for 
PW SiC/Pyrex.
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Figure 4.21 Comparison of strain gauge and extensometer results for 0.04% secant 
modulus as a function of the cycle number at 2000 pe and 3000 pe cyclic strains for 
PW SiC/Pyrex.
4 Quasi-static Testing o f  SiC/Pyrex 86
200 pm
Figure 4.22 Reflected light photomicrograph of a microsectioned PW SiC/Pyrex test 
coupon in the y-z plane after an applied strain of 0.18%.
A
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Figure 4.23 Reflected light photomicrograph of a microsectioned PW SiC/Pyrex test 
coupon in the x-z plane after an applied strain of 0.18%.
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Figure 4.24 Schematic of the microcracks that were thought to be seen in the test 
coupon after loading past the onset of matrix microcracking.
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Figure 4.25 Transmitted light photomicrograph of an edge replica from a 5HSW 
SiC/Pyrex test coupon after an applied strain of 0.08%.
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Figure 4.26 Transmitted light photomicrograph of an edge replica from a 5HSW 
SiC/Pyrex test coupon after an applied strain of 0.15%.
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Figure 4.27 Transmitted light photomicrograph of an edge replica from a 5HSW 
SiC/Pyrex test coupon after an applied strain of 0.26%.
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Figure 4.28 Transmitted light photomicrograph of an edge replica from a 5HSW 
SiC/Pyrex test coupon after an applied strain of 0.41%.
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Figure 4 .29  Transverse and longitudinal matrix crack densities as a function of applied 
strain for PW SiC/TPyrex (strain measured using a strain gauge).
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Figure 4 .30  Reduced modulus and crack density as functions of applied strain for PW 
SiC/Pyrex (strain measured using a strain gauge).
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Figure 4.31 Transverse and longitudinal matrix crack densities as a function of applied 
strain for 5HSW SiC/Pyrex (strain measured using a strain gauge).
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Figure 4.32 Reduced modulus and crack density as functions of applied strain for 
5HSW SiC/Pyrex (strain measured using a strain gauge).
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Figure 4.33 Schematic illustrating the transverse cracking and longitudinal cracking in 
the laminate.
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Figure 4.34 Schematic of the bonded and debonded regions around the fibre/matrix 
interface near' a microcrack.
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5.1 Introduction
This chapter presents the results of the quasi-static tensile testing of the woven SiC/CAS 
laminates. The chapter is divided into four sections in a similar maimer to the 
preceding chapter concerned with SiC/Pyrex. The first section looks at the laminate 
microstructme before tensile testing. The second section presents the tensile testing 
results, and the tliird section examines the damage that occurs during these tests. The 
final section contains a discussion of the mechanical behaviour and damage 
accimiulation in these laminates.
5.2 Microstructural Studies
5.2.1 Light Microscopy
A PW SiC/CAS (303L) laminate was micro-sectioned in the y-z plane (Figure 3.1 
illustrates the plate orientations) and the internal structme is shown in Figure 5.1. Some 
voids were seen within the composite, and tliis is consistent with tlie X-ray photographs 
(received with the laminates) which showed ai’eas of differing contrast. The plate was also 
micro-sectioned in the x-y plane; Figiue 5.2 shows the internal structure, and a crack in 
the matrix which may be due to thermal stresses. Similar voids were also seen in the 
8HSW laminates.
5.2.2 Volume Fraction Calculation
The volume fraction of fibres and matrix (Vf and respectively) of the PW and 
8HSW SiC/CAS laminates are shown in Table 5.1. The values were obtained by the 
method described in section 3.2.4.
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5.3 Tensile Testing
5.3.1 Monotonie Loading
Figure 5.3 shows typical sti'ess-strain results for PW and 8HSW SiC/CAS test coupons.
A summary of the tensile test results for the SiC/CAS laminates are shown in Table 5.2. 
The Young’s modulus (E) and the Poisson’s ratio (u^ y) are the results from both 
continuously and discontinuously loaded tests; the stress to failure (Of ) and strain to 
failure (6f) are from the continuously loaded tests only.
An estimate of the cracking threshold in the SiC/CAS laminates from the onset of the 
non-linearity in the stress-strain curves (see Figure 5,3) is between 0.04 and 0.06% 
applied strain (i.e. very smiilar to SiC/Pyrex).
5.3.2 Static Fatigue
No mechanical tests were carried out to assess the likelihood of static fatigue in either 
the PW or 8HSW SiC/CAS laminates since this had not been found to be a problem in 
SiC/Pyrex. Previous work by Pryce (1991) had suggested that static fatigue was not a 
problem in SiC/CAS for the type of experiments reported in this chapter.
5.3.3 Incremental Cyclic Loading
Both the PW and 8HSW laminates were cyclically loaded to progressively higher levels 
of applied strain. The resulting unloading modulus measurements are plotted in 
Figure 5.4 and Figme 5.5 respectively. As can be seen, the moduli for both laminates 
decrease after an applied strain of 0.04% - 0.06%. The moduli decrease to 
approximately 45% of the original values after an applied strain of 0.3%.
In both figures the normalised moduli decrease when the applied strain reaches the value 
for the onset of matrix microcracking (-0.04% strain). With a further increase in the 
applied strain the normalised modulus decreases rapidly; subsequently the rate of change
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of modulus with additional applied strain is less. This may suggest that the matrix 
microcracking is reaching a satuiation level as the applied strain approaches 0 .2 %.
The residual strain has been measured for the PW SiC/CAS laminate; a plot of 
normalised modulus and residual strain as a function of applied strain is shown in 
Figure 5.6. From the onset of matrix microcracking, the value for the residual strain 
increases linearly to a maximum of approximately 950 pe at an applied strain of 
3000 pe.
5.3.4 Cyclic Loading
Both the PW and 8HSW laminates were cyclically loaded for 10 cycles at applied 
nominal strains of 500 pe, 1000 pe, 2000 pe and 4000 pe. The strain was measured 
using both strain gauges and extensometers.
Figure 5.7 to Figure 5.14 show the change in modulus behaviom* during cyclic loading 
of 8HSW SiC/CAS. Figure 5.7 and Figure 5.8 show the normalised unloading modulus 
as a function of the cycle number at different applied strains, measured using a strain 
gauge and an extensometer. Figure 5.9 and Figure 5.10 show the normalised 0.04% 
secant modulus as a fimction of the cycle number at different applied strains, measured 
using a strain gauge and an extensometer.
From the graphs of the normalised unloading modulus (Figure 5.7 and Figure 5.8) it 
may be inferred that the modulus rneasur'ed from the loading component of the cyclic 
stress-strain curve (hysteresis loop) stabilises within the first or second cycle. However, 
the graphs of the normalised 0.04% secant modulus (Figure 5.9 and Figme 5.10) 
indicate that the modulus measmed from the hysteresis loops stabilise later, after the 
second or third cycle.
Extensometer and strain gauge data can be compared more easily in Figure 5.11 to 
Figm'e 5.14. Figure 5.11 and Figure 5.12 show the unloading modulus as a function of 
the cycle number at different applied strains measm'ed using a strain gauge and
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extensometer. Figure 5.13 and Figure 5.14 show the 0.04% secant modulus as a 
fimction of the cycle number measm'ed using a strain gauge and extensometer. The 
difference between the modulus values for the strain gauge and extensometer are 
consistent with a discrepancy in the initial value of tire respective Yomig’s modulus. 
Aside from the difference in the actual value of the moduli between the strain gauge and 
extensometer, the trend of the strain gauge and extensometer are very close. There is 
closer agreement between the values for the miloading modulus than between the values 
for the 0.04% secant modulus measured using the strain gauge and extensometer.
The areas of the hysteresis loops have been measmed for the 8HSW SiC/CAS laminate, 
and the data for normalised area (with respect to the second loading cycle) at the 
different applied strains are shown in Figme 5.15. From this graph it can be seen that 
the first loading regime (500 pe) displays the largest reduction in normalised area, and 
the last loading regime (4000 pe) displays the smallest reduction in normalised area.
This suggests that the majority of damage (or system equilibration) occurs in the 500 pe 
and 1000 pe loading regimes. It also shows the damage state is evolving a greater 
number of cycles than is apparent from either the unloading modulus or 0.04% secant 
modulus measurements.
5.4 Damage Observations
5.4.1 Microscopy
The tensile test coupons were micro-sectioned after catastrophic failure, and micro­
cracking can be seen in the y-z and x-z planes (Figme 5.16 and Figure 5.17 
respectively).
This micro-cracking in both planes is as would be expected for a woven CMC. Micro­
cracks can be seen to extend from the voids in the laminate, suggesting that these voids 
influence the failure mechanism and/or reduce the tlu'eshold cracking strain of tlie 
laminate.
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Figure 5.18 to Figure 5.21 shows the matrix microcracking observed using transmitted 
light microscopy on the edge replicas of a 8HSW SiC/CAS test coupon taken at 
different applied strains. From tliese photomicrographs of the edge replicas the 
longitudinal and transverse matrix microcracks can be seen.
5.4.2 Crack Density Quantification
The increase in crack density with applied strain in the PW SiC/CAS and 8HSW 
SiC/CAS laminates was studied. The crack density is determined using the method 
described in section 3.2.4.2.5.
Figure 5.22 shows tlie densities of the two different types of matrix crack (transverse 
and longitudinal) and the total crack density, measured from the edge replica of a PW 
SiC/CAS test coupon as functions of applied strain (measured using a strain gauge). 
Figure 5.23 shows the total cracking density and reduced modulus for a PW SiC/CAS 
test coupon as a function of applied strain. It can be seen that no discernible matrix 
microcracking was observed from the edge replicas up to an applied strain of 
approximately 0.04% (400 |ie). After loading beyond this matrix microcracking 
tlu'eshold value, microcracks were observed in the edge replica, and a corresponding 
reduction in the normalised modulus was observed. On continued loading, further 
increases in the cracking density and reductions in the normalised modulus were 
observed. The final test was stopped at an applied strain of 0.3%. In some cases 
transverse cracking in the longitudinal tows could be discerned. However, these were 
not quantified since they were not detected consistently and therefore could not be 
measmed accurately.
Figure 5.24 shows the densities of the two different types of matrix crack (transverse 
and longitudinal) and the total crack density, measured from the edge replica of a 
8HSW SiC/CAS test coupon as a function of applied strain (measmed using a strain 
gauge). Figure 5.25 shows the total cracking density and reduced modulus for a 8HSW 
SiC/CAS test coupon as a function of applied strain. As in the PW SiC/CAS, no 
reduction in the modulus or matrix microcracking was observed at an applied strain
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below approx. 0.04%. On fui'ther loading, matrix microcracking was observed from the 
edge replica, with a corresponding decrease in the normalised modulus. The test was 
stopped at an applied strain of 0.4%, at which point there is no indication that the crack 
density does not appear to ha^ reached a saturation value.
5.5 Discussion
5.5.1 Evolution of Damage
5.5.1.1 Microcracldng
The matrix cracking in the SiC/CAS system has been quantified in the same way as that 
in the SiC/Pyrex system by a measuremerrt of tlrr'ough-thiclaress crack length per miit 
area, broken down into transverse and longitudinal components.
With the SiC/Pyrex laminate it was fomid that the type of weave architectm'e affected 
relative proportions of the two types of matrix microcracldng observed. Wlrere the fibre 
tow rmdulates it acts as an irritiation site for longitudinal matrix crackirrg (see Figure 
4.33). In the plain weave laminate the fibre tows undulate more than they do in the 
satirr weave laminate. Thus, it would be expected that the plain weave architectm'e 
would have a higher density of longitudinal cracking for a given applied strain when 
compared with a satin weave laminate. Comparing Figure 5.22 and Figure 5.24 with 
Figure 4.29 and Figme 4.31 it is apparent that there is less longitudinal cracking in 
SiC/CAS than hr SiC/Pyrex. This may reflect a higher interfacial shear stress, t, value 
in the SiC/CAS (SiC/Pyrex 2-6 MPa, SiC/CAS 15-30 MPa). Comparing the 
longitudinal cracking density in Figure 5.22 and Figure 5.24 shows that the plain weave 
SiC/CAS has a higher longitudinal crack density than the satin weave SiC/CAS for a 
given applied strain (this is the case for the Pyrex system too). Another feature in 
common with the SiC/Pyrex laminates is that the longitudinal cracking does not occm' 
until there is transverse cracking irr the matrix.
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5.5.2 Stress-Strain Behaviour
5.5.2.1 Linear Elastic Region
A linear elastic region was observed in the stress-strain curves, and the onset of non- 
linearity in the stress-stiain curve appears between 0.04% and 0.06% applied strain for 
both PW and 8HSW SiC/CAS laminates. Other authors, e.g. Wang et al (1991) and 
Aubard et al (1994) have reported a linear' region in the teirsile loading of woverr 
composites (C/SiC and SiC/SiC respectively). The initial modulus of the PW and 
8HSW laminates (Table 5.2) is comparable to the approximate theoretical moduli of 
131 GPa and 134 GPa respectively as calculated using a rule of mixtures equation, see 
chapter 7. In unidirectional and cross-ply SiC/CAS laminates it is well established that 
an initial lirrear' region is observed in the stress-strairr cui'ves; Pryce (1991), Wang and 
Parvizi-Majidi (1992) and Beyerle et al (1992). The measured experimental moduli 
for the woven materials are similar' to the moduli of 128 ± 7 GPa for a [0],2 laminate 
and 110 ± 5 GPa for a [0/90]^  ^ larniirate (both with Vf = 0.34) reported by Pryce and 
Smith (1992).
If anything the woven values are higher than might be expected on the basis of a cross- 
ply laminate. The various laminate plate theory models which consider the weave 
architecture, Chou and Ishikawa (1982, 1989), Naik and Sliembekai' (1992a, b), and 
Shembekar and Naik (1992) predict a lower modulus for a plaiir weave laminate 
compar ed with a satin weave laminate. It can be seen from the experimental moduli 
that the 8HSW laminate has a higher modulus than the PW laminate which is in 
agreement with these models.
5.5.2.2 Modulus Reduction
Wlien the larnirrates are nearly satur'ated with matrix rnicrocracks the normalised 
modulus is reduced by 55%, see Figure 5.4 and Figure 5.5. The theoretical reduction of 
the laminate modulus when the matrix is completely satmated with cracks is 
approximately 60-65% calculated using tire fibre component of the rule of mixtures
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equation. This theoretical reduction is rather larger than the experimental reduction. 
Discrepancies arise due to the affects of fibre undulation and more importantly due to 
the matrix still carrying some stress even at high crack densities. Modulus reductions 
are greater in the SiC/CAS laminates than the SiC/Pyrex laminates because of the higher 
modulus of the CAS matrix.
With regard to laminate failui*e, it is possible that the undulation of the wai*p fibre tows 
(longitudinal tows) act as stress concentration points for the fibres, initiating premature 
failure. For a [ 0 /9 0 ] SiC/CAS lay-up Beyerle et al (1992) reported a failui'e strain of 
0.85%, whereas for PW and 8HSW SiC/CAS laminates the strains to failure (Table 5.2) 
aie 0.57% and 0.388% respectively.
5.5.2.3 Residual Strain
Residual strain arises as a consequence of the paitial relaxation of tliermal strains in the 
composite which occurs as a result of matrix cracking. The SiC/CAS laminate is 
processed at an elevated temperatme, and the fibre and matrix have different coefficients 
of thermal expansion (matrix = 5.0x10'"^  °C’’ and fibre = 3.3x10'^ ”C'’ ) as reported by 
Kuo and Chou (1995a). As the woven composite is essentially a three-phase composite 
of 0° tows, 90” tows and matrix-rich regions the thermal stress state will be complex.
The overall effect will be that due to mismatch in expansion coefficients the matrix in 
the composite will be left in tension. It has been reported by Beyerle et al (1992), 
Powell et al (1993), Pryce and Smith (1994) that the residual tensile stress in the matrix 
of an unidirectional SiC/CAS laminate was -90 MPa; Beyerle et al (1992) reported the 
residual tensile sti'ess in the transverse ply of a cross-ply SiC/CAS laminate was 
25 MPa. The generation of residual strain is shown schematically for 0° tows in 
Figure 5.26a. On cooling from the processing temperature the fibres will have a 
residual compressive stress and matrix will have a residual tensile stress. Wlien the 
laminate is loaded the applied strain will be distributed equally tlii'ough the fibres and 
matrix. Once the applied strain exceeds the strain to failure (e,) of the matrix, the 
matrix will then crack. Figure 5.26b. Thus the constraining compressive stress in the 
fibre will be relieved at the matrix/fibre crack tip allowing the fibre to elongate further.
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On unloading the matrix will still have a residual tensile stress, and fibre will have a 
residual compressive stress. However, the crack face will not close as the fibre will still 
be elongated due to the relaxation of the residual compressive stress in the fibre region 
at the crack tip, Figure 5.26c, Similai' phenomena will occm- as a result of the cracking 
of transverse tows and matrix-rich regions.
As the applied strain increases and the crack density increases, so the residual strain 
would be expected to increase as well. Figure 5.6 shows that the residual strain 
increases linearly as a function of the applied strain for a PW SiC/CAS laminate. 
Sorensen et al (1992) have studied the residual strain as a function of applied load for 
an UD SiC/CAS laminate. They report that the residual strain increased linearly with 
applied strain, and when the matrix cracking was fully satmated, the residual strain 
reached steady levels. From Figme 5.6 it is seen that when the normalised modulus 
begins to level off (above 2000 (le) the residual strain is still increasing lineaily. This 
would suggest that the matrix has not fully satmated with microcracks despite the 
levelling off in the normalised modulus.
S.5.2.4 Hysteresis
The origins of hysteresis in the woven SiC/Pyrex systems were discussed in 4.5.2.2.3. 
Mechanisms cited were factional sliding of the fibre relative to the cracked matrix and 
sliding of the matrix adjacent to (cmved) longitudinal cracks. Similai' mechanisms are 
likely to operate in SiC/CAS laminates, although the smaller number of longitudinal 
cracks will presmnably reduce the contribution of the latter mechanism.
The data obtained for SiC/CAS show that measurement of the hysteresis loops is 
perhaps not suprisingly a more effective method for assessing the occurence of 
hysteresis than the 0.04% secant or miloading modulus. In fact although there appeal's 
to be no change in the modulus of the laminate (from the stress-strain curves) as a 
function of cycle number at different applied strain. Figure 5.7 to Figure 5.10, there is a 
change in the area of the stress-strain curves. Figure 5.15 shows the normalised aiea at 
different applied strains for a 8HSW SiC/CAS laminate. The area measurements have
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been normalised to the second loading cycle because on the first cycle damage is put 
into the system and it would not be expected that the loop would close (there is residual 
strain as a consequence of the damage). Subsequent loading cycles should affect the 
laminate by possibly propagating the existing microcracks, and further debonding the 
fibre/matrix interface. As the effect of repeated cycling is to be studied so the area 
weight data is normalised to the second cycle, allowing the analysis of further damage 
within the laminate.
From Figme 5.15 it can be seen that loading cycles to an applied stiain of 500 [xe show 
the greatest percentage change in the normalised area of the loops. The loading cycles 
to an applied strain of 1000 \ie, then 2000 pe and finally 4000 pe show a decreasing 
reduction in the normalised area of the loops. This would be expected as the damage 
associated with the 500 pe and 1000 pe cycles produces laige modulus drops, and so a 
greater effect on the stress-strain behaviour of the system. The loops tend to stablise 
after a few cycles although it seems a greater number of cycles aie required at higher 
strain levels. This is similai* to reports of the quasi-static fatigue of unidirectional 
SiC/CAS laminates, Pryce and Smith (1993), in which the hysteresis loops stablise after 
a low number of cycles. At high cycle numbers Evans et al (1995) propose and Pryce 
and Smith (1993) predict a decrease in the interfacial shear stress, i  as the number of 
cycles increase in tension-tension fatigue. It is possible that in these low number of 
cycles (< 10) the interfacial sheai' stress decreases, perhaps in particulai* at higher strains 
where there is greater sliding. Evans et al (1995) also suggest that there is crack growth 
in the matrix. It is suggested that the trends in the normalised area of these loops are a 
combination of the growth of the existing matrix microcracks and equilibration of the 
sliding.
5.5.3 Static Fatigue
Although no tests were carried out on static fatigue, a number of workers. Spearing et al 
(1994), and Karandikai* and Chou (1993b) have published the effect of the enviromnent 
on crack growth (static fatigue) in previously matrix microcracked SiC/CAS laminates. 
Only in test periods o f -10^ s did the effect of environmental assisted growth have any
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effect on the existing cracks, and resulting damage measuiements (modulus reduction 
and crack density). As all the quasi-static tensile tests were carried out in a period less 
than - 10 "^ s the effect of static fatigue was considered negligible.
5.5.4 Strain Measurements
As with SiC/Pyrex moduli results obtained from the tensile tests with the applied strain 
measured using both a strain gauge and an extensometer the modulus are in close 
agreement (within the error of the experiments). Interestingly, in some cases the 
extensometer method gives higher results which is counter to what would be expected if 
strain gauges were sti&ning the material. This suggests that the concern over the strain 
measurements using a strain gauge is unfounded for these tests. Strain gauges were 
used for all subsequent strain measmements including the fatigue tension-tension tests.
5.6 Concluding Remarks
The behaviom* of PW and 8HSW SiC/CAS laminates mrder quasi-static loading has 
been studied. Both the PW and 8HSW SiC/CAS laminates showed stress-strain curves 
with an initial elastic region (up to a strain of 0.04%) followed by non-linearity 
associated with matrix cracking. Cracking reduces the modulus by up to aiound 40% at 
failure. Measurements of strain (and hence calculated moduli) are similai* whether a 
strain gauge or extensometer is used. Edge replication has enabled the crack density to 
be quantified and correlated with the reduced modulus. Cracking is mainly transverse to 
the applied loading with little longitudinal cracking seen (compared to the SiC/Pyrex 
laminates). This is attributed to the higher interfacial sheai* stress of the SiC/CAS 
system than of the SiC/Pyrex system.
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Table 5.1 Volume fraction measurements for SiC/CAS
PW 8HSW
Vf 35% 36%
Vm 65% 64%
Table 5.2 Mean results of the tensile testing of SiC/CAS
Architecture E (GPa) Uf (MPa) 6f (%) x^y
PW 120.6(9) SD = 16.31 148 (1) 0.57 (1) 0.21
8HSW 129.2(12) SD = 7.08 125 (1) 0.388 (1) ---
Note that the values in paientheses are the number of samples, and SD is the standard 
deviation.
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F ig u re  5.1 Reflected light photomicrograph of a PW SiC/CAS laminate microsectioned 
in the y-z plane.
: I L :  1 1 200 pm
F ig u re  5 .2  Reflected light photomicrograph of a PW SiC/CAS laminate microsectioned 
in the x-y plane (the arrow shows a possible thermal stress crack).
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Figure 5.3 Tensile stress-strain curves for PW and 8HSW SiC/CAS laminates.
5 Quasi-static Testing o f  SiC/CAS 108
1.2
0.8
0.6
0.4
0.2
500 1000 1500 
Applied Strain, pe
2000 2500 3000
Figure 5.4 Normalised modulus as a function of applied strain (measured using a strain 
gauge) during incremental cyclic loading of a PW SiC/CAS test coupon.
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Figure 5.5 Normalised modulus as a function of applied strain (measured using a strain 
gauge) during incremental cyclic loading of a 8HSW SiC/CAS test coupon.
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Figure 5.6 Nonnalised modulus and residual strain as functions of applied strain for 
PW SiC/CAS. The strain measured using a strain gauge.
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Figure 5.7 Normalised unloading modulus as a function of the cycle number at 
different applied strains for 8HSW SiC/CAS. The strain measured using a strain gauge.
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Figure 5.8 Normalised unloading modulus as a function of the cycle number at 
different applied strains for 8HSW SiC/CAS. The strain measured using an 
extensometer.
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Figure 5.9 Normalised 0.04% secant modulus as a function of the cycle number at 
different applied strains for 8HSW SiC/CAS. The strain measured using a strain gauge.
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Figure 5.10 Normalised 0.04% secant modulus as a function of the cycle number at 
different applied strains for 8HSW SiC/CAS. The strain measured using an 
extensometer.
120
100
I
a
500 |iE (strain) 
500 (IE (extern) 
1000 tie (strain) 
1000 tie (extern)
0 2 31 4 5 6 87 9 10 11 12
Cycle Number
Figure 5.11 Comparison of strain gauge and extensometer results for unloading 
modulus as a function of the cycle number at different applied strains for 8HSW 
SiC/CAS.
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Figure 5.12 Comparison of strain gauge and extensometer results for unloading 
modulus as a function of the cycle number at different applied strains for 8HSW 
SiC/CAS.
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Figure 5.13 Comparison of strain gauge and extensometer results for 0.04% secant 
modulus as a function of the cycle number at different applied strains for 8HSW 
SiC/CAS.
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Figure 5.14 Comparison of strain gauge and extensometer results for 0.04% secant 
modulus as a function of the cycle number at different applied strains for 8HSW 
SiC/CAS.
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Figure 5.15 Hysteresis loop areas (as measured by weight) for 8HSW SiC/CAS at 
different applied strains. The strain measured using a strain gauge.
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Figure 5.16 Reflected light photomicrograph of a microscctioncd PW SiC/CAS 
laminate in the y-z plane after catastrophic failure.
Figure 5.17 Reflected light photomicrograph of a microsectioned 8HSW SiC/CAS 
laminate in the x-z plane after catastrophic failure.
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Figure 5.18 Transmitted light photomicrograph of an edge replica from a 8HSW SiC/CAS 
test coupon after an applied strain of 0.08%.
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Figure 5.19 Transmitted light photomicrograph of an edge replica from a 8HSW SiC/CAS 
test coupon after an applied strain of 0.16%.
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Figure 5.20 Transmitted light photomicrograph of an edge replica from a 8HSW SiC/CAS 
test coupon after an applied strain of 0.24%.
Figure 5.21 Transmitted light photomicrograph of an edge replica from a 8HSW SiC/CAS 
test coupon after an applied strain of 0.32%.
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Figure 5.22 Transverse and longitudinal matrix crack densities as a function of applied 
strain for PW SiC/CAS (strain measured using a strain gauge).
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Figure 5.23 Reduced modulus and crack density as functions of applied strain for PW 
SiC/CAS (strain measured using a strain gauge).
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Figure 5.24 Transverse and longitudinal matrix crack densities as a function of applied 
strain for 8HSW SiC/CAS (strain measured using a strain gauge).
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Figure 5.25 Reduced modulus and crack density as functions of applied strain for 
8HSW SiC/CAS (strain measured using a strain gauge).
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Figure 5.26 Schematic showing the effect of matrix and fibre residual stresses on the 
residual strain of a cracked CMC.
6 Fatigue Testing
o f SiC/CAS
6 Fatigue Testing o f  SiC/CAS_______________________________________________________________________________________________ 121
6.1 Introduction
This chapter presents the results from tension-tension fatigue testing of the PW and 
8HSW SiC/CAS laminates. The aims of this part of the work were to assess whether 
damage in the form of matrix cracking developed during fatigue cycling and to 
investigate the associated stiess-strain and reduced modulus behaviour. Samples were 
subjected to fatigue stress levels corresponding to first cycle strains over a range from 
just below the quasi-static cracking tlireshold (~ 0.03%) up to levels of strain high 
enough to lead to a high crack density on the first cycle (0.12 - 0.24%). The changes in 
stress-strain behaviour with cycling were investigated by interrupting the fatigue tests 
periodically to carry out a quasi-static test. The crack density was monitored using edge 
replication.
The structure of this chapter is as follows. After a description of the experimental 
method the results are presented in the form of normalised modulus and crack density as 
a function of number of fatigue cycles. It is shown that progressive fatigue damage 
does occur. The results from the two weave architecture aie compared and correlated 
with the results from the quasi-static tests (chapter 5).
6.2 Experimental
PW and 8HSW SiC/CAS laminates were tested in tension-tension fatigue as described in 
section 3.4.3. The first 10 cycles were cairied out in the Instion 1175 quasi-static 
tensile testing machine under displacement control. The strain was measured using a 
strain gauge and Vishay box on all the laminate coupons. On the first cycle the 
specimen was loaded to the intended peak strain and the associated load was noted. The 
following nine quasi-static cycles were to the same peak load. The specimen was then 
transferred to the Instron 1341 fatigue testing machine. The test coupon was gripped in 
load conti'ol, and then cycled for the pre-determined number of cycles at a frequency of 
5 Hz, with the minimum to maximum load ratio, R of 0.1. The specimens were then 
taken from the Instron 1341 and loaded in the Instron 1175 to enable the quasi-static
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stress-strain behaviour to be observed. The crack density was measured using the edge 
replication technique before returning the sample to the 1341 for further cycling.
The 8HSW SiC/CAS laminates were cycled at loads which produced strains of 0.03%, 
0.04%, 0.06%, 0.12% and 0.24% on the first cycle.
The PW SiC/CAS laminates were cycled at loads which produced strains of 0.03%, 
0.04% and 0.12% on the first cycle.
6.3 Fatigue Testing Results
6.3.1 8 HSW SiC/CAS Laminates
Fatigue cycling led to an increase in the crack density and an associated progressive 
reduction in modulus. Figure 6.1 shows the reduction in the normalised secant modulus 
as a function of the number of fatigue cycles at 0.03% (33.1 MPa) applied strain.
Figur'e 6.2 to Figure 6.5 show both the reduction in normalised 0.04% secant modulus 
and the total cracking density as a function of the applied number of cycles for 0.04% 
(36.2 MPa), 0.06% (48.4 MPa), 0.12% (64.0 MPa) and 0.24% (91.3 MPa) applied 
strain.
When carrying out the quasi-static tests to monitor the modulus change in the samples it 
was found that the stress-strain curves changed markedly on a cycle to cycle basis. The 
stress-strain response during the first cycle of quasi-static loading following a period of 
high frequency (5 Hz) fatigue was always highly hysteretic with a large residual strain. 
This behaviour is illustrated in Figure 6 .6  which shows the effect of the loading rate on 
the stress-strain curve for an 8HSW SiC/CAS laminate cycled for a number of different 
cycles. Possible causes are considered in section 6.4.3.
Figure 6.7 enables the normalised modulus as a function of applied number of cycles at 
the different applied strains for the 8HSW SiC/CAS laminate to be compared. The
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figure shows clearly the greater amount of first cycle cracking (and associated stiffness 
reduction) with increasing peak strain. The amount of additional stiffness reduction 
with fui'ther cycling is greatest at the lower pealc strains. Wliile the sample loaded to 
0.24% strain on the first cycle shows at most a few percent (< 5) further reduction after 
10  ^ cycles, the other samples showed further reductions, compared to the first cycle, of 
10- 20% .
In Figure 6.8  and Figur'e 6.9 the cyclic data are compared with the quasi-static data 
from chapter 5 in two different ways. Figure 6.8  is a plot of crack density as a function 
of applied strain on which lines have been drawn corresponding to the quasi-static data 
(comparable to the first cycle), 10, 10^  and 10^  cycles. A fatigue effect is clear, albeit 
that the small nimrber of samples means that there is appreciable scatter. Figure 6.9 
shows the rrormalised modulus as a fimctioir of crack density for quasi-static and fatigue 
data from an 8HSW SiC/CAS laminate. The reduction in modulus from the samples 
cycled to differeirt strains effectively superimpose on the quasi-static data.
6.3.2 PW SiC/CAS Laminates
As with the 8HSW system, fatigue cycling led to an increase in crack density and air 
associated progressive reduction in modulus. Figme 6.10 shows the normalised secant 
modulus as a function of the applied number of cycles for a nominal applied strain of 
0.03% (33.9 MPa). Figure 6.11 shows the normalised 0.04% secant modulus and total 
crack density as a function of the applied number of cycles for a nominal applied strain 
of 0.04% (41.9 MPa). Figure 6.12 shows the normalised 0.04% secant modulus and 
total crack density as a function of the applied number of cycles for a nominal applied 
strain of 0.12% (74.3 MPa).
Figure 6.13 shows the normalised modulus as a function of crack density for quasi-static 
and fatigue data of a PW SiC/CAS laminate. As with the 8HSW laminate, the quasi­
static and cyclic data appear very similar.
Figure 6.14 and Figure 6.15 show reflected light photomicrographs of edge replicas for
6 Fatigue Testing o f  SiC/CAS_______________________________________________________________________________________________ ^
a sample loaded to 0.12% applied strain after 2 cycles and 10^  cycles. The increase in 
crack density (by a factor of tlii'ce) as the number of cycles increase is readily apparent.
6.3.3 Fatigue Failure
Dining the coiu'se of the fatigue work it was found that some of the coupons failed.
The 8HSW samples that were loaded at high applied strains, 0.12% and 0.24% failed at 
326,418 and 143,805 cycles respectively. However, the samples loaded at or below 
0.06% applied strain were cycled to at least 5x10  ^ cycles, and the tests were stopped. 
The PW sample loaded at an applied stiain of 0.12% failed at 123,750 cycles.
The 8HSW samples loaded in continuous monotonie tension failed at an applied strain 
of 0.39%, and the PW samples loaded in the same way failed at an applied strain of 
0.57%
6.4 Discussion
6.4.1 Fatigue Damage below Quasi-Static Cracking Threshold
No matrix cracking or corresponding reduction in the normalised modulus was observed 
in PW and 8HSW SiC/CAS laminates below an applied strain of 0.04% (see Figme 
5.17 and Figure 5.19) when loaded quasi-statically . This strain was taken as the quasi­
static matrix cracking strain tlireshold, below which no matiix cracking is observed. 
However, it can be seen in the cyclic fatigue loading of the PW and 8HSW laminates at 
an applied strain of 0.03%, Figure 6.1 and Figure 6.10, that there is a reduction in the 
normalised modulus with cycles. This suggests that there is a damage mechanism 
occurring within the composite that reduces the measured modulus over the test period. 
There are two possible mechanisms that may take place within the composite. Firstly, 
there might be matrix microcracking below the matrix cracking strain tlneshold; 
secondly, when there is damage present, a time dependent sub-critical crack growth 
(static fatigue) mechanism may occur. It has been reported by Sorensen et al (1992),
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Kim and Pagano (1991) and Harris et al (1992) that they observe AE events below the 
matrix cracking strain tlneshold (derived from tire stress-strain cui've). It is suggested 
that this corresponds to the accumulation of small cracks in the matiix and not steady- 
state cracks, Beyerle et al (1992). If there is cracking in the linear region of the stress- 
strain curve, then tension-tension fatigue of the 0.03% strain loaded samples could 
possibly propagate these small matrix microcracks.
The second mechanism, static fatigue has been reported by Spearing et al (1994) and 
Karandikar and Chou (1993b). Spearing et al report that over long test periods (~10® s), 
at strains below the matrix cracking threshold, appreciable matrix microcracking was 
observed. As the 0.03% applied strain loaded samples were cycled for a period of 
time > 10  ^ s (although not all the time was spent at load) it is possible that slow crack 
growth may occur. It is suggested by Karandikar and Chou that tlris slow crack growth 
is a damage rnecharrism driven by the environment and dependent on the maximum 
stress and time. During the fatigue testing of the 0.03% applied strain there was no 
measurement of the matrix microcrack density. However, the presence of crackirrg was 
confirmed at the eird of the test. After 10® cycles the measured matrix microcrack 
derrsity was approximately 0.3 rnrn'*. The microcracking can be seerr irr 90° layers, 
rrratrix arrd penetrating the 0° layers and is similar to a quasi-static replica at high 
strairrs, for exanrple Figur'e 5.20.
6.4.2 Modulus Reduction with Cycling
Figure 6.2 to Figure 6.5 show the reduction in normalised modulus as a function of 
cycle number for applied strains of 0.04%, 0.06%, 0.12% and 0.24% respectively in 
8ITSW SiC/CAS laminates. All the figures show that as the number of fatigue cycles 
increase tire normalised modulus decreases, and the nratrix microcrack density increases. 
The initial value of the crack density for the fatigue tests is comparable to the quasi­
static crack density at the corresponding load. On continued fatigue cycling a reduction 
irr the norrrralised modulus was seen, with a correspoirdiirg iircrease in the crack derrsity. 
This was also seen in the PW SiC/CAS lairriirates. Figure 6.11 and Figure 6.12 which 
show the reductioir irr irorrrralised irrodulus as a fuirctioir of cycle iruirrber for applied
6 Fatigue Testing o f  SiC/CAS ____________________________________________________________________________________________ 126
strains of 0.04% and 0.12% respectively. At high fatigue cycles the reduction in 
modulus and increase in matrix microcrack density are significantly different from the 
quasi-static values. Figure 6,14 and Figuie 6.15 are transmitted light photomicrograph 
of PW edges replicas at 2 and 10® fatigue cycles. Comparison of these two figures 
shows the increasing density of matrix micro cracks with increasing cycle numbers.
Evans et al (1995) suggest based on unidirectional material that the mechanisms of 
fatigue damage in SiC/CAS composites are a reduction in the interfacial shear stress, a 
degradation of the fibre strength, and possibly matrix crack growth.
Matrix crack growth in fatigue does not seem improbable in the woven CMC systems, 
especially as it has beerr observed in cross-ply systems, e.g. Pryce and Smith (1994).
On the first cycle the cracks may only be partly formed in the sense that they are 
restrained in either a through-thiclaiess or cross-width sense by neighbouring bundles or 
crimp regions. Hence with repeated loading they continue to grow, perhaps under a 
combination of mechanical and static fatigue.
6.4.3 Loading Rate Effect
Figure 6 .6  shows the effect of the loading rate on the stress-strain curve for an 8HSW 
SiC/CAS laminate. The fatigue cycled test coupons were loaded on a universal tensile 
testing machine, Instron 1341 and the stress-strain curves were recorded using a chart 
recorder. On initial loading, prior to fatigue cycling, the stress-strain curve is as 
expected. Figure 6 .6a, and develops over ten quasi-static cycles as discussed in chapter 
5. On the first quasi-static cycle of loading after a fatigue test the stress-strain curve 
indicates that the laminate gets stiffer with increasing applied strain. Figure 6 .6b. The 
next cycle shows that the laminate reverts back to a normal stress-strain behaviour, 
Figure 6 .6c. A similar effect was seen in the loading rates of the PW SiC/CAS 
laminate. This unusual behaviour' in the stress-strain curve after fatigue cycling may be 
due to differences in the loading rates between the fatigue and quasi-static testing 
machines. The loading rate for the quasi-static tests was 0.05 mm/rnin, whereas for the 
fatigue cyclic tests the loading rate varied from a (nominal) rate of 9 mm/rnin for a 
0.03% applied strain, to 72 mm/rnin for a 0.24% applied strain test coupon.
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When the matrix is microcracked, there is fibre matrix sliding at the debonded 
fibre/matrix interface. However, the degree of sliding will be affected by the rate of 
loading, and it is likely tliat at high loading rates the sliding is kept at a minimum, as a 
result of the small amount of time for sliding between loading cycles. Wlien this 
fatigued test coupon is first loaded at a much lower rate (quasi-statically) the matrix 
now has time to slide fully along the debonded fibre/matrix interface. This would mean 
that on initial loading the stiffness of the test coupon will reflect the worn fibre/mati'ix 
interface. On further loading, however, the matrix will slide along the relatively 
undamaged fibre/matrix interface and so the stiffness will increase. On unloading it is 
likely that there will have been some shake-down so that on subsequent loading the 
sliding is more uniform. Hence on the next cycle the stress-strain curve is as expected.
Although the above suggestions are tentative, there is evidence in the literature for the 
interfacial shear strength, x being dependent on the velocity of testing, Sorensen and 
Holmes (1996). They report that the interfacial shear* strength increases from 
10 MPa to 27 MPa when the loading rate is increased from 0.01 MPa/s to 500 MPa/s 
respectively. This change in interfacial shear strength influences the behaviour of the 
stress-strain curve when the test coupon is loaded at different rates.
6.4.4 Modulus and Crack Density
From Figure 6.7 it can be seen that as tlie applied strain (constant load) increases for the 
fatigue test then there is a corresponding decrease in the measured normalised modulus. 
From this figui'e it is seen that the 0.03% and 0.04% applied str*ain test coupons 
decrease the least, and as applied strain increases the reduction in the normalised 
modulus increases.
Figure 6.9 compares the reduction in normalised modulus as a function of crack density 
for test coupons loaded in quasi-static and fatigue conditions. From this figure it can be 
seen that the data for fatigue cycles at nominally 0.04% and 0.06% applied strain 
overlap the quasi-static data. The fatigue tests at 0.12% and 0.24% applied strain have 
a reduction in normalised modulus which is greater than for the quasi-static data.
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The fatigue tests at 0.12% and 0.24% applied strain have 
a reduction in nonnalised modulus which is greater tlian for the quasi-static data.
Despite the differences between the quasi-static and fatigue data at high stiains the 
fatigue data is considered to superimpose on the quasi-static data.
Figure 6.8  compares the crack density of tlie quasi-static and fatigue tests as a function 
of applied strain for 8HSW SIC/CAS laminates. The figure compares the number of 
fatigue cycles for 1 (+), 10 (o), 10  ^ (^) and 10® (x) cycles against the quasi-static data 
("). In theory the quasi-static data should be tlie same for 1 fatigue cycle. As tlie 
number of fatigue cycles increase then crack density should increase for the same 
applied strain. The lines are the best fits for tlie fatigue data points; (-) for 1 cycle, (-) 
for 10 cycles, (-) for 10® cycles and (-) for 10® cycles. As tlie number of fatigue cycles 
increase the line shifts to the top left of the gr aph, which indicates that for tlie same 
applied strain tlie crack density increases, i.e. tlie crack density in fatigue is higher than 
in quasi-static loading. Plotting the data like this is another way of emphasing that a 
fatigue effect is being seen.
6 .5  Concluding Remarks
The behaviour of PW and 8HSW SiC/CAS laminates under tension-tension fatigue 
loading has been studied. Fatigue cycle loading at strains at and above the quasi-static 
cracldng threshold (0.04%) showed progressive reduction in the nonnalised modulus and 
an increase in matrix cracking measured using edge replication. At strains well above 
this cracking threshold a considerable increase in the crack density was observed. The 
final crack density in the fatigue loaded laminates was significantly greater tlian tlie 
crack density in tlie quasi-static loaded laminates.
For quasi-static loaded samples no matrix cracking was obseiwed at strains below 0.04% 
(cracking tlireshold). However, fatigue loaded samples showed a reduction in the 
normalised modulus when loaded below this cracking threshold (~ 0.03%). The modulus 
reduction at strains below the cracldng thieshold suggests there is matrix cracking
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A loading rate effect was observed in the initial cycle of the stress-strain cui ves (open 
hysteresis loop) when the samples were transferred from the fatigue testing machine to 
the quasi-static testing machine. A possible reason is the loading rate effects on the 
sliding between the fibre and cracked matrix within the damaged laminate. This settled 
down after one cycle.
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Figure 6.1 Normalised modulus as a function of the number of cycles at an initial 
applied strain of 0.03% for 8HSW SiC/CAS.
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Figure 6.2 Normalised modulus and cracking density as a function of the number of 
cycles at an initial applied strain of 0.04% for 8HSW SiC/CAS.
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Figure 6.3 Normalised modulus and cracking density as a function of the number of 
cycles at an initial applied strain of 0.06% for 8HSW SiC/CAS.
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Figure 6.4 Normalised modulus and cracking density as a function of the number of 
cycles at an initial applied strain of 0.12% for 8HSW SiC/CAS.
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Figure 6.5 Normalised modulus and cracking density as a function of the number of
cycles at an initial applied strain of 0.24% for 8HSW SiC/CAS.
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Figure 6.6 The effect of loading rate on the stress-strain curve for a 8HSW SiC/CAS 
sample cycled at a strain of 0.12% for (a) 1 and 2 cycles; (b) 1000 cycles; (c) 1001 
cycles.
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Figure 6.7 N orm alised  m odulus as a function  o f  the num ber o f  c y c le s  for the different 
applied strains for 8H SW  SiC /C A S lam inates.
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Figure 6.8  Comparison of the crack density as a function of applied strain for quasi- 
static(Q-S) and fatigue data (1, 10, 10\ 10^  cycles) of an 8HSW SiC/CAS laminate.
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Figure 6.9 Comparison of the normalised modulus as a function of crack density for 
quasi-static and fatigue data of an 8HSW SiC/CAS laminate.
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Figure 6.10 Normalised modulus as a function of the number of cycles at an initial 
applied strain of 0.03% for PW SiC/CAS.
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Figure 6.11 Normalised modulus and cracking density as a function of the number of 
cycles at an initial applied strain of 0.04% for PW SiC/CAS.
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Figure 6.12 Normalised modulus and cracking density as a function of the number of 
cycles at an initial applied strain of 0.12% for PW SiC/CAS.
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Figure 6.13 Comparison of the normalised modulus as a function of crack density for 
quasi-static and fatigue data of a PW SiC/CAS laminate.
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Figure 6.14 Transmitted light photomicrograph of an edge replica from a PW SiC/CAS 
test coupon after 2 cycles at a nominally applied strain of 0 .12%.
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Figure 6.15 Transmitted light photomicrograph of an edge replica from a PW 
SiC/CAS test coupon after 10^  cycles at a nominally applied strain of 0.12%.
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7.1 Introduction
The preceding chapters have shown that the main damage seen in both the SiC/Pyrex 
and SiC/CAS woven fabric laminates under quasi-static and cyclic loading is matrix 
microcracking. This microcracking leads to a large reduction in the elastic modulus of 
tlie materials. The present chapter is concerned with developing simple models to 
describe this behavioin.
The chapter is divided into foin sections. The first section looks at simple methods for 
calculating the initial undamaged elastic modulus of the woven fabric composites tested 
in this work. The second section presents a compaiison of the resulting predictions with 
the experimental data for the SiC/Pyrex and SiC/CAS laminates. The third section 
describes the procedure for predicting the reduction in the laminate elastic modulus due 
to matrix microcracks which is based on a modified sheai’ lag approach as developed by 
Steif (1984) in the context of cracking in cross-ply polymer matrix composites. The 
final section presents the results of this elastic modulus reduction modelling in the 
woven SiC/Pyrex and SiC/CAS laminates and compares the prediction with the 
experimental data. It is shown that the model describes the trends of the data 
reasonably well. Possible reasons for the discrepancies between theory and experiment 
are discussed.
7.2 Elastic Modulus Modelling
7.2.1 Composite Modulus
It is apparent from photomicrographs of the woven fabric composites investigated in the 
present work that the composites can be viewed as made up of tliree regions: 0° fibre 
rich (longitudinal) regions, 90“ fibre rich (transverse) regions and matrix regions, as 
illustrated schematically in Figure 7.1. This suggests that a rule of mixture approach, 
e.g. Jones (1975), may be suitable for the calculation of the overall composite modulus, 
E ,
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where E ,^ E^ and E„^  are the moduli of the longitudinal fibre, transverse fibre and matrix 
regions respectively; A ,^ Aj  and A„^  aie the area fractions of the longitudinal fibre, 
transverse fibre, and matrix regions respectively.
The value of E^ for each system was obtained fi*om the literatuie (see Table 7.1), but E  ^
and Ej need to be calculated, and the various methods used to do this are discussed in 
the following sections.
Determination of the area fractions is discussed in section 7.4.3.
7.2.2 Reuss Model For Transverse Modulus
The prediction from the Reuss (iso-stress) model for the modulus of a transverse lamina, 
Ey, is:
+ [1  ■
- 4 ^ 4 .  J
where Ef is the modulus of the fibres, E„^  is the modulus of the matrix and is the 
transverse fibre region volume fraction.
A limitation of this model is that the fibre geometry and distribution <ye not talcen into 
account.
7 M odelling the Effect o f  Damage on Stiffness 141
7.2.3 Halpin-Tsai Model For Transverse Modulus
Another model that can be used for the determination of the modulus of the transverse 
region is that due to Halpin-Tsai (1969) given in Equation 7.3 and Equation 7.4. This 
model contains a term designed to allow for the effects of fibre geometry and 
distribution on the transverse modulus.
= K
q =
1 1
\ ^ f -  1
-E„. + ?
7.3
7.4
In Equation 7.3 and Equation 7.4, E^ represents the modulus of the transverse region; Ef 
and E„, are the fibre and matrix moduli, respectively; V^q is the fibre volume fraction; 
and ^ is a measure of the fibre reinforcement which depends on fibre 
geometry, fibre distribution and the loading conditions. The term ^ is 
an empirical factor that is used to allow Equation 7.3 to fit the experimental 
data, and is taken to have a value of 0.5 for ceramic matrix composites following 
Beyerle et al (1992).
7.2.4 Voigt Model For Lougitudiual Modulus
The Voigt (iso-strain) model enables the modulus of a longitudinal fibre region to be 
calculated, i.e.
El = %  + 7.5
where E^ is the longitudinal modulus, Ef is the fibre modulus, E^ , is the matrix modulus 
and Vro is the volmne fraction of fibres in tire longitudinal fibre region.
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7.2.5 Sine Wave Model For Longitudinal Modulus
Equation 7.5 does not allow for the fibre undulation and hence might be expected to 
overestimate the modulus of the fabric laminates, especially the plain weave systems. In 
this section a simple method for evaluating the effect of imdulation is proposed. Since 
the effect of the undulation was found to be quite minor no attempt was made to apply 
the mathematically more complicated models of Chou and co-workers or Naik and 
Shembekar.
Figure 7.2 illustrates the longitudinal fibre tow modelled as a sine wave, with the 
amplitude as y^m, and the unit length of the fibre tow as X. The unit length is divided 
into a 100 units and the off-axis modulus is calculated at each of these angles. The 
modified value for the modulus of the longitudinal fibre region, E^ is calculated using 
Equation 7.6 and Equation 7.7.
E 1 «=100
"  100
cos'^ O sin'^6 / 1
Ej  ^ Ej  \ E,
-1 7.6
where
6 = tan' 27T: l2n(nX/100),T \ X 7.7
and
Eu is the modulus of the undulating longitudinal fibre tow 
El is the modulus of a fibre tow in the longitudinal direction 
Ey is the modulus of a fibre tow in the transverse direction 
Dlt is the Poisson’s ratio of the fibre tow 
Glt is the sheai* modulus of a fibre tow (see Appendix)
0  is the tow angle at increment n 
X is the length of the fibre tow repeat unit
n is the nimiber of increments over which the modulus is calculated
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7.2.6 Model for Matrix Modulus
As indicated previously, the matrix modulus value is talcen from the literature.
However, in the SiC/CAS laminates some porosity was seen in the material. A model 
has to consider the effect that these voids will have on the matrix modulus values.
The following equation, Equation 7.8, was used to estimate the effect of porosity on the 
matrix modulus, Davidge (1979). It is assumed that the pores are spherical and separate 
entities in a continuous matrix.
E  = £,„(l-1.9p+0.9p^) 7-8
where E is the modified matrix modulus, E^ is the fully dense matrix modulus and p is 
the fraction of porosity.
7.3 Elastic Modulus Modelling Results
7.3.1 SiC/Pyrex Laminates
The measurement of the fibre and matrix volume fraction in the SiC/Pyrex PW and 
5HSW composites was discussed in section 4.1.2.2 and tlie results shown in Table 4.1.
For modelling purposes the volume fraction within the tows is also required. The area 
fraction of fibres in the transverse tows were measured using image analysis on a 
Cambridge Quantimet 970, and an average area fraction (and hence volmne fraction) of 
0.47 was obtained. It is assumed, on the basis of cloth specification, that the area 
fraction of fibres in the longitudinal tows is also 0.47.
Using the average volirme fractions from Table 4.1 for the PW and the 5HSW laminates 
and the property data in Table 7.1 the composite modulus can be calculated from
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Equation 7.1 using the models in section 7.2. The results are summarised in Table 7.2.
The prediction based on the Reuss model for the transverse tows is generally good but 
consistently higher than the experimental data. A reason may be that the model does 
not consider the undulation of the fibre tows. Although the Halpin-Tsai model 
considers the fibre geometry and modulus of the fibres in the transverse fibre region the 
difference in overall modulus compaied to that from the Reuss model is not that 
significant, approximately 2-3%. The major reason for this is that the fibres in the 
transverse region do not affect the transverse modulus significantly unless they have a 
high volume fraction, i.e. >55%. Comparing the Halpin-Tsai model with the 
experimental modulus the agreement is not as close as with the Reuss model. Again the 
fibre tow undulation is ignored.
It would be expected that the values for the modulus would be higher for the 5HSW 
laminate than for the PW laminate because of the lower number of crimp regions in the 
5HSW laminate. However, this does not always appear so. The reason for this is likely 
to be the minor fibre volmne fraction variations in the 5HSW laminates which have a 
slightly lower fibre volume fraction than the PW laminates. The role of any cristobalite 
present in the different laminates may affect the initial modulus as reported by Pryce
(1991).
Considering further the effect of longitudinal fibre tow imdulation between the two 
different weave architectmes, the greater fibre tow midulation in PW is reflected in the 
results of the modulus modelling where the 5HSW laminate does not have as significant 
a reduction in its modulus as tlie PW laminate. Even in the PW laminates, however, the 
calculated reduction in modulus due to fibre undulation is only about 1-2 %.
Overall the best agreement is from using the Reuss model for the transverse tows 
combined with tlie simplified midulation model for the longitudinal tows.
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7.3.2 SiC/CAS Laminates
vdiu*\& frocUcn
The measurement of the fibre and matrix^in the SiC/CAS PW and 8HSW composites 
was discussed in section 5.1.2 and the results shown in Table 5.1 .
As with the SiC/Pyrex laminates the area fraction of the longitudinal and transverse 
tows were measured using image analysis on a Cambridge Quantimet 970. In the 
SiC/CAS there was a difference between the longitudinal and transverse tows. An 
average area fraction was found for the longitudinal fibre region of 0.40, and for the 
transverse fibre region of 0.46.
Using the average fibre vohmie fraction from Table 5.1 for the PW and 8HSW 
laminates and the property data in Table 7.1 the composite modulus can be calculated 
from Equation 7.1 using the models in section 7.2. A summary of the results can be 
seen in Table 7.3.
The trends of the models are very similar' to those for the SiC/Pyrex laminates with the 
closest agreement between theory and experiment being shown by using the Reuss 
model for the transverse tows combined with the simplified undulation model for the 
longitudinal tows.
Porosity was observed in matrix regions adjacent to the longitudinal and transverse fibre 
tows. From the area fraction measurements there is an overall volume fraction of 
porosity in the laminates of between 0.5 and 1.5%. Using Equation 7.8 the adjusted 
modulus of the matrix is between 97 GPa and 95 GPa respectively. Such a change 
makes little difference to the predictions. A further point to note in comparing 
predictions and experiment in both this section and 7.3.1 is the dependence on the base 
property data. In particular the value assumed for the fibre modulus affects the 
predictions significantly.
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7.4 Modulus Reduction Modelling
7.4.1 Overview
The approach taken for modelling the modulus of the cracked woven laminate is very 
similar to that used by Marsden et al (1995) studying damage in laminates comprising 
two layers of 8-harness glass cloth in an epoxy matrix. Differences arise in the greater 
complexity of damage in the six layer laminates tested here which are of a very 
different material (fibre and matr ix moduli of similar magnitude) and moreover of plain 
weave as well as satin weave construction.
The effect of matrix cracking damage on the stiffness of the different materials will be 
predicted using a modified shear' lag model. It is anticipated that the modelling method 
should be more applicable to satin weaves, since they are more similar to a cross-ply 
laminate (for which shear lag theory was developed originally) than the plain weave 
laminates. The woven laminate is converted to an equivalent laminate allowing the 
shear lag model to be used. The dimensions (ply thiclaiess) in the model depend on the 
dimensions and fractions of longitudinal, transverse and matrix regions present in the 
laminates which are obtained from ar ea weight measurements. For a laiown value of 
crack density the reduced modulus can be calculated using the shear lag model.
7.4.2 Shear Lag Model
The reduction in modulus of a cross-ply laminate due to matrix microcracking can be 
calculated using the shear lag model suggested by Steif (1984). Figure 7.3 shows the 
longitudinal and transverse fibre regions in a [0/90] type composite laminate where the 
matrix microcracking occurs in the transverse layers. The cracks span the full width 
and thickness of the 90“ fibre region (thiclaiess, 2d). The spacing between these cracks 
is 2 s and as the crack plane is approached the load from the transverse fibre region is 
transferred to the longitudinal fibre region by sheai' of the transverse ply. The 
normalised modulus in the presence of matiix microcracking can be calculated using 
Equation 7.9 and Equation 7.10. The modulus of the uncracked composite laminate, E^
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is calculated using a rule of mixtures equation, Equation 7.12.
^red 1
El + - i&
b+d
T V ^ K
where.
tanh(As')
A s
7.9
^ 7. 10bd^E^E^
2 s is the cracking spacing
G23 is the shear modulus of the ti'ansverse ply (tlrrough thickness).
The value of G23 is calculated by assmning that the 2-3 plane is isotropic and using 
Equation 7.11, talcing V23 = 0.25.
G„ = — 7. 11“ 2 (1 +v,3>
The modulus of the uncracked laminate is given by the rule of mixtures expression.
E = 7 .1 2
(& + d)
7.4.3 Calculation of Volume Fraction and Calculation of Ply Thickness
Photomicrographs were talcen of the laminate edge, and the resulting photomicrographs 
were then cut into longitudinal, transverse, and matrix regions. These regions were then 
weighed using a micro-balance and from these measmements the area fraction of each 
was calculated. From these area fraction values and Icnowing the overall volume 
fraction the fibre volume fractions of the longitudinal fibre, transverse fibre and matrix
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regions were determined. Knowing the number of plies in the laminate and the area 
fraction of the longitudinal fibre, transverse fibre and matrix regions allows the ply 
thicknesses to be calculated.
7.4.4 Crack Density
From the photomicrographs of the edge replica the total length of the matrix 
microcracks (mm) seen in a unit area (imrf ) was measiued (this was the crack density 
data presented in chapters 4 and 5). For the shear* lag model calculations, the value of 
crack length per unit area has to be converted into a crack spacing.
Figure 7.4 shows the modelling process schematically. Figme 7.4a is the woven 
laminate which has to be considered as a cross-ply laminate as in Figure 7.4b in order to 
apply the model. For example, the 8HSW SiC/CAS which has 8 plies is considered as 
[0/902/0]s cross-ply. For simplicity this cross-ply laminate is divided into the smallest 
sub-laminate which has all the relevant featm*es of the parent laminate, as shown in 
Figure 7.4c. This representative sub-laminate for the sample contains two plies each of 
longitudinal fibre, transverse fibre and matrix plies and so for example the lay-up could 
be [0/90/m]g.
The experimental values of the crack density from the woven laminate edge replica are 
converted and superimposed onto the representative cross-ply sub-laminate. Figure 7.4d. 
The stacking sequence of the sub-laminate and the location of the matrix microcracks, 
see Figure 7.4e for two possibilities, influence the modulus reduction calculated from 
the shear lag model and are discussed in the next section.
Figure 7.5 illustrates how the shear-lag model is used to calculate the reduced modulus 
of the representative six layer (two plies each of 0°, 90“ and matrix material) sub­
laminate. The case shown is a [m/0/90]g stacking sequence.
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7.4.5 Sub-Laminate Lay-ups
In the shear lag modelling the sub-laminate lay-ups and the position of the matrix 
microcrack array affect the overall value for the reduced modulus. The fom* simplest 
sub-laminate lay-ups have been modelled.
Model 1 is the sub-laminate [0/90/m/m/90/0] with the matrix microcracking in the 
matrix ply only. Model 2 is the sub-laminate [0/90/m/m/90/0] with the matrix 
microcracking in the transverse (90“) and matiix ply. Model 3 is the sub-laminate 
[m/0/90/90/0/m] with matrix microcracking in tlie transverse (90°) ply only. Model 4 is 
the sub-laminate [90/0/m/m/0/90] with matrix microcracking in the matrix ply only.
For the situation where the matrix cracks run across both the 90° and matrix material 
(model 2 ) the properties of the cracked layer aie calulated based on a rule of mixtiues.
7.4.6 Modulus Values
Fibre and matrix modulus property data were obtained from the literature, Table 7.1.
The overall composite modulus was calculated either from the constituent properties (as 
in section 7.2) or the experimental value was used to back calculate the constituent layer 
properties. For the former approach the longitudinal ply modulus was calculated using 
the rule of mixtuies, allowing for the undulation of the longitudinal fibre tow, see 
section 7.2.5. The transverse ply modulus was calculated using the Reuss equation, see 
section 7.2.2.
When the experimental value of the laminate modulus was used to back calculate the 
constituent layer properties, the longitudinal tow and matrix values were kept constant 
and the transverse tow modulus adjusted to give agreement with the experimental 
modulus.
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7.5 Modulus Reduction Modelling Results
In Figure 7.6 to Figure 7.13 tlie tenn model 1 (+) refers to tlie sub-laminate 
[0/90/m/m/90/0] with the cracks in tlie matiix, model 2 ( ^ )  refers to the sub-laminate 
[0/90/m/m/90/0] with the cracks in tlie matrix and 90“ ply. Model 3 (a) refers to the 
sub-laminate [m/0/90/90/0/m] with the cracks in tlie 90“ ply, and model 4 (x) refers to 
the sub-laminate [90/0/m/m/0/90] witli tlie cracks in tlie matrix.
7.5.1 8HSW SiC/CAS Laminate
A summaiy of tlie shear" lag parameters used to predict tlie reduction in tlie normalised 
modulus for this system is shown in Table 7.4. Figure 7.6 and Figure 7.7 show the 
results from the two shear lag modelling methods for the four different sub-laminate 
structures and compaies them with the experimental data (■) for the 8HSW SiC/CAS 
laminate. Figure 7.6 shows the shear lag modelling of tlie different sub-laminates with 
tlie initial modulus being the theoretical value. Figure 7.7 shows the slieai* lag 
modelling of the different sub-laminates with the initial modulus equal to the 
experimental value by adjusting the transverse ply modulus.
7.5.2 PW SiC/CAS Laminate
A summary of the slieai" lag parameters used to predict the reduction in the normalised 
modulus for this system is shown in Table 7.5. Figure 7.8 and Figure 7.9 show the 
results from the two shear lag modelling methods for tlie four different sub-laminate 
lay-ups and compares them with the experimental data for tlie PW SiC/CAS laminate. 
Figure 7.8 shows tlie shear lag modelling of the different sub-laminates with the initial 
modulus being the theoretical value. Figure 7.9 shows the modelling of the various 
sub-laminates with tlie initial modulus equal to the experimental value by adjusting the 
transverse ply modulus.
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7.5.3 5HSW SiC/Pyrex Laminate
A summaiy of tlie slieai* lag parameters used to predict the reduction in the normalised 
modulus for tliis system is shown in Table 7.6. Figure 7.10 and Figui'e 7.11 show the 
results from the two shear lag modelling methods for the four different sub-laminate 
structures and compares them with the experimental data for the 5HSW SiC/Pyrex 
laminate. Figure 7.10 shows the slieai* lag prediction of the different sub-laminates with 
the initial modulus being the theoretical value. Figure 7.11 shows the modelling of the 
different sub-laminates with the initial modulus equal to the experimental value by 
adjusting the transverse ply modulus.
7.5.4 PW SiC/Pyrex Laminate
A smnmary of the shear lag par ameters used to predict tlie reduction in the normalised 
modulus for this system is shown in Table 7.7. Figme 7.12 and Figure 7.13 show the 
results from the two shear* lag modelling methods for the four* different sub-laminate 
structures and compares tlieni with the experimental data for the PW SiC/Pyrex 
laminate. Figure 7.12 shows the shear* lag prediction of the different sub-laminates with 
the initial modulus being the theoretical value. Figme 7.13 shows the modelling of the 
different sub-laminates with the initial modulus equal to the experimental value by 
adjusting the transverse ply modulus.
7.6 Discussion
7.6.1 SiC/CAS Laminates
All the models miderestimate the reduction in normalised modulus due to matrix 
microcracking. Models 1 and 4 consistently give very poor* agreement with the 
experimental data for both the PW and 8HSW laminates. Models 2 and 3 give better* 
agreement, with model 2  being the closer to the experimental modulus for* both laminate 
types. For the 8HSW system model 2 predicts (at a crack density of 2.5 mm'*) a
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normalised modulus of 0,58 (c.f. experiment 0.5). For the PW system agreement is 
much less good, at a crack density of 2  mm'* model 2  predicts 0 .6 8  (c.f. experiment 
0.47).
Model 2, [0/m/90]s considers microcracking to extend across 90“ and matrix plies, this 
is consistent with experimental observations at high crack densities. The other models 
give poor agreement with the experimental data and a reason may be that these models 
do not consider the propagation of the microcracks into both the matrix and transverse 
fibre regions. The lengths of the microcracks observed in a 8HSW SiC/CAS edge 
replica were measured, the range of crack lengths was 0.02 mm to 0,70 mm with an 
average length of 0.28 mm.
Figure 7.14 shows the results of the shear lag modelling for two different sub-laminate 
structures, the theoretical cracked ply thickness refers to model 2  with the cracks in the 
matrix and 90“ ply. The realistic cracked ply thiclaiess refers to another sub-laminate 
[90/0/90/m/m/90/0/90] with cracks in the centre matrix/90“ ply, and the thiclaiess of this 
ply set by the average measmed crack length observed in the edge replica of a 8HSW 
SiC/CAS laminate (i.e. 0.28 mm). As this measured crack ply thickness was more 
realistic than the calculated theoretical ply thiclaiess it was thought that the modulus 
reduction predicted due to matrix cracking would be more accurate. However, it can be 
seen from Figme 7.14 that the ply tliickness assiuiied in model 2 (which is 0.672 mm) 
gives better agreement than the measured crack ply thiclaiess. Others influences may be 
affecting the reduction of the laminate modulus that are not predicted by this shear lag 
model, these are discussed fiather in section 7.6.3.
7.6.2 SiC/Pyrex Laminates
In general the agreement between models 2 and 3 and the experiment is excellent.
There is one point to note, however: the crack density input into the slieai* lag model 
comprised of both the longitudinal and transverse crack density within the SiC/Pyrex 
laminate. If only the transverse crack density were used then the experimental data 
would move to the left somewhat and tend to lie below the predictions (especially for
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the PW systems) much as for the SiC/CAS laminates. For both the PW and 5HSW 
laminates models 1 and 4 underestimate the reduction in normalised modulus. For the 
5HSW laminate where the sheai* lag model uses tlie theoretical modulus, Figure 7.10, 
models 2 and 3 overestimate the modulus reduction slightly. However, for the 5HSW 
laminate with the slieai* lag model using the experimental modulus, Figure 7.11, models 
2 and 3 predict the same reduction in the normalised modulus as the experiment. This 
is the same for the PW laminate for models 2 and 3 based on both the theoretical and 
experimental modulus.
7.6.3 General
The applied strain at which the onset of matrix microcracking is observed in these 
SiC/CAS woven laminates is similai* to cross-ply SiC/CAS laminates. Pryce and Smith
(1992) report matrix microcracking in the 9 O2 ply of a [0/90]gg SiC/CAS laminate at 
approximately 0.05% applied strain. Further increases in the applied strain in the woven 
laminates lead to an increase in the crack density, with a significant reduction in the 
experimental modulus. However, the shear lag model does not predict this initial rapid 
reduction in the modulus, which is seen especially in SiC/CAS.
One way in which discrepancy between theory and experiment can be accounted for 
would be if the measmed edge replica crack densities were for some reason an 
miderestimate of the overall laminate crack densities. In fact it might be expected that 
if anything the initial crack density might be higher at the edge. This could be due to 
the effects associated with machining and polishing of the laminate edge which could 
produce cracks/flaws thus acting as crack initiation sites. On the other hand if the 
openings of the low strain cracks were so small that these cracks were not detected 
using edge replication then the measured densities would be low.
Also if the initial cracks occur at the crimps then this could allow longitudinal tow 
rotation/straightening, increasing the strain, so that the stiffness drop will be more 
marked at low strains, especially in the plain weave laminates. At high applied strains 
the woven laminate will have initiated and propagated a number of cracks and so the
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majority of the load is cairied by the longitudinal fibres. So as the applied sti*ain is 
increased the matrix will crack fm'ther, however, the modulus will not be reduced 
significantly.
The method for measuring the crack density in these woven laminates is different from 
the methods for cross-ply laminates for which the shear lag model is based. In cross- 
ply laminates the crack is assumed to span the thickness and width of the lamina ply 
and so the distance between the cracks is measured. The crack density is then the 
number of cracks per mm (nnn *). A discrepancy can occur when translating the crack 
length per unit area for the woven laminates to crack spacing for an equivalent cross-ply 
laminate. This is because the actual length and area that these cracks appear in is 
measiaed. For the cross-ply the cracks are assumed to be perfectly straight and square 
across the width of the transverse ply.
Another consideration is that the analysis assumes that the microcracks are in model 
arrays with uniform crack spacing, and that there is no interaction between cracks. 
Observations of the edge replica and micro sectioning of the woven laminates showed 
dispersed irregular crack arrays with some of the microcracks traversing several plies.
In the ceramic systems it is not possible to comment on the crack morphology across 
the width. Kiiz and Muster (1985), Boniface et al (1993), and Mai'sden et al (1995) 
report that the cracks in woven glass/epoxy laminates can be irregular' and dispersed 
across the width. At low applied strains these dispersed microcracks may interact so 
reducing the laminate stiffness more than the predicted model crack arrays.
The modelling does not consider the failure of fibres, nor matrix cracking within the 
longitudinal ply which could affect the modulus prediction especially at high strains. In 
the edge replicas it is very diffcult to quantify the cracks that run into or start in the 
longitudinal fibre (warp) bundles. Pryce and Smith (1992) report stiffness reductions in 
unidirectional SiC/CAS material of around 20% at crack saturation. Using this value to 
estimate the modulus of a cracked longitudinal tow there will be a reduction of around 
10% to the laminate as a whole. If anything this is an overestimate since the 0“ ply 
crack densities in cross-ply laminates tend to be lower than in unidirectional laminates.
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but nonetheless this could be an important factor in the difference between models and 
experiment.
Another featm-e of the predicted modulus is that the various models consider only one 
distribution of microcracking, either in the matrix, transverse or matrix and transverse 
ply. However, the most likely cracking route is cracking in the matrix ply then with 
propagation of these cracks into the transverse ply. Next cracking may occin in the 
longitudinal ply as reported by Pryce and Smith (1994) for a SiC/CAS cross-ply 
laminate, then faihue of the longitudinal fibres and subsequent catastrophic failure of the 
laminate. By adjusting the strains at which the various cracking types occur it could be 
possible to predict the reduction in normalised modulus more accurately, or at least 
bound the modulus reduction.
It should be noted that the laminate thermal stresses are ignored in the modified shear 
lag prediction of the laminate modulus. The main reason for this is to keep the analysis 
simple. However, some connnents about the thermal stresses will be included to help 
assess their likely influence. Thermal stresses are generated between the longitudinal 
and transverse (warp and weft) plies due to the mismatch in the thermal expansion 
coefficients (a) parallel and perpendicular to the fibre direction. Within a ply the fibre 
and matrix have different thermal expansion coefficients. Table 7.1, resulting in thermal 
stresses. Pryce and Smith (1994) have calculated the ply thermal stresses for a SiC/CAS 
[0/90]s laminate as 23 MPa (tensile) for the transverse ply and 23 MPa (compressive) 
for the longitudinal ply. Within the longitudinal ply, however, the matrix stress is 58 
MPa (tensile) and the fibre stress is 175 MPa (compressive). Beyerle et al (1992) have 
measured the transverse ply thermal stresses for a [0/90] g SiC/CAS laminate, and report 
it is 25 MPa. These thermal stresses are important because when the laminate is under 
load and the longitudinal and transverse (warp and weft) plies are cracked these thermal 
stresses are relieved around the crack plane and so there is resulting net increase in the 
laminate strain. Provided the material behaves in a linear elastic maimer the presence of 
thermal stress does not affect predictions of stiffness. They are important in other 
respects they play a pai't in crack formation and also lead to a residual strain when the 
cracked laminate is unloaded.
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A fui'ther limitation to this sheai' lag approach is that in its present form it cannot be 
used to predict the loading/unloading behaviour and hysteresis behaviour of a cracked 
laminate. Wlien the load is removed the relief of the thermal sti'esses will result in a 
residual stiain, and an alteration of the residual stresses within the laminate. This is not 
accoimted for; neither are hysteretic effects associated with interfacial shear strength.
7.7 Concluding remarks
There is a reasonable agreement between the initial measured experimental modulus and 
the calculated modulus of the different laminates using simple rule of mixtures type 
models. To predict the stiffness of laminates, the woven SiC/CAS and SiC/Pyrex 
laminates are converted to an equivalent cross-ply laminate so that a shear lag model 
can be used to predict the reduction in normalised modulus due to matrix microcracking. 
All the different equivalent cross-ply laminate lay-ups for the woven SiC/CAS laminates 
underestimate the reduction in the normalised modulus to varying degree. It is thought 
that the crimps in the woven laminates influence the reduction in modulus and as the 
shear lag model does not consider the woven architecture explicitly this could account 
for the miderestirnation of the modulus. For the SiC/Pyrex laminates the shear lag 
models which consider cracking in just the matrix plies underestimate the reduction in 
the normalised modulus. However, the models which consider the cracking in only the 
90° ply or in both the 90° and matrix plies predict a similar reduction in the normalised 
modulus as is observed experimentally.
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Table 7.1 Material property data
Property Nicalon fibre Pyrex matrix CAS matrix
Yomig’s Modulus, E (GPa) 20 0  *" 63 " 98
Ct e § ("C* ) 3.1x10'^ ° 3.2x10-  ^ “ 5.0x10  ^*"
Tensile Strength (GPa) 2.76 ° 0.1 ° 0.124*
Density, p ( g cm"^  ) 2 .6 2.23 “ 2 .8
Poisson’s Ratio, u 0 .1 2  f note 1 0.255 '*
Failure Strain (%) 1.4 ° 0.16 ° 0.15 °
Fibre Diameter (pm) 15 ° note 2 note 2
 ^ - Coefficient of Thermal Expansion 
 ^ - flexmal strength 
note 1 - not Imown 
note 2  - not applicable
 ^ Prewo and Bremian (1982) 
Daniel et al (1993)
° Habib ef a/ (1990)
Wang and Parvizi-Majidi (1992) 
° Davies et al (1992)
 ^ Villeneuve et al (1993)
Table 7.2 Longitudinal modulus of SiC/Pyrex laminates. 
Comparison between experiment and theory.
Model
Material system & weave
PW 5HSW
224 D 223 B C
Reuss 98.1 GPa 98.1 GPa 94.1 GPa 96.1 GPa 95.1 GPa
Halpin-Tsai (^=0.5) 100.5GPa 100.5
GPa
96.3 GPa 98.4 GPa 97.3 GPa
Sine wave 
(Reuss)
96.1 GPa 96.1 GPa 93.9 GPa 95.9 GPa 94.9 GPa
Sine wave 
(Halpin-Tsai ^=0.5)
99.1 GPa 99.1 GPa 96.0 GPa 98.1 GPa 97.1 GPa
Experimental 94.2 GPa 94.6 GPa 81.0 GPa 96.0 GPa 84.8 GPa
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Table 7.3 Longitudinal modulus of SiC/CAS laminates. 
Comparison between experiment and theory.
Model Weave
PW 8HSW
Reuss 131.7 GPa 129.4 GPa
Halpin-Tsai (^=0.5) 133.3 GPa 133.7 GPa
Sine wave 
(Reuss)
128.9 GPa 129.1 GPa
Sine wave 
(Halpin-Tsai ^=0.5)
130.6 GPa 133.5 GPa
Experimental 120.6 GPa 129.2 GPa
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Table 7.4 The parameters used for the shear lag prediction of the 
8HSW SiC/CAS laminate modulus.
m
(mm)
m
(mm)
i s
(mm)
2e
(mm) m m m m m m %m m m m
Theoretical laminate modulus
model 1 0.550 0.122 0.451 0.672 129.9 129.1 95.1 122.9 140.4
model 2 0.451 0.672 129.9 140.4 122.9 129.9
model 3 0.451 0.550 0.122 1.001 129.9 140.4 129.1 134.2 95.1
model 4 0.451 0.122 0.550 0.573 129.9 140.4 95.1 130.8 129.1
Experimental laminate modulus with an adjusted transverse ply modulus
model 1 0.550 0.122 0.451 0.672 120.2 109.1 95.1 106.6 140.4
model 2 0.451 0.672 120.2 140.4 106.6 120.2
model 3 0.451 0.550 0.122 1.001 120.2 140.4 109.1 123.2 95.1
model 4 0.451 0.122 0.550 0.573 120.2 140.4 95.1 130.8 109.1
Table 7.5 The parameters used for the shear lag prediction of the 
PW SiC/CAS laminate modulus.
m
(mm)
m
(mm)
2s
(mm)
m
(mm) m m i tp P a ) m m
%(GPa) Eply(GPa)
Theoretical laminate modulus
model 1 0.284 0.082 0.324 0.366 131.6 131.2 98.0 123.7 140.6
model 2 0.324 0.366 131.6 140.6 123.7 131.6
model 3 0.324 0.284 0.082 0.608 131.6 140.6 131.2 136.2 98.0
model 4 0.324 0.082 0.284 0.407 131.6 140.6 98.0 131.9 131.2
Experimental laminate modulus with an adjusted transverse ply modulus
model 1 0.284 0.082 0.324 0.366 142.6 157.9 98.0 144.4 140.6
model 2 0.324 0.366 142.6 140.6 144.4 142.6
model 3 0.324 0.284 0.082 0.608 142.6 140.6 157.9 148.7 98.0
model 4 0.324 0.082 0.284 0.407 142.6 140.6 98.0 131.9 157.9
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Table 7.6 The parameters used for the shear lag prediction of the 
5HSW SiC/Pyrex laminate modulus.
m
(mm)
m
(mm) |m m |
-
|m m |
%
(GPa)
%m m %P P a ) %m m (GPa)
Theoretical laminate modulus
model 1 0.269 0.034 0.269 0.304 95.9 86.8 63.0 84.1 109.1
model 2 0.269 0.304 95.9 109.1 84.1 95.9
model 3 0.269 0.269 0.034 0.539 95.9 109.1 86.8 98.0 63.0
model 4 0.269 0.034 0.269 0.304 95.9 109.1 63.0 103.9 86.8
Experimental laminate modulus with an adjusted transverse ply modulus
model 1 0.269 0.034 0.269 0.304 86.8 67.4 63.0 66.9 109.1
model 2 0.269 0.034 86.8 109.1 66.9 86.8
model 3 0.269 0.269 0.034 0.539 86.8 109.1 67.4 88.3 63.0
model 4 0.269 0.034 0.269 0.304 86.8 109.1 63.0 103.9 67.4
Table 7.7 The parameters used for the shear lag prediction of the 
PW SiC/Pyrex laminate modulus.
m.
(mm)
m
(mm)
i c
(mm)
2e
(mm) (GPa) E,p P a )
%
(GPa)
%
(GPa) (GPa)
Theoretical laminate modulus
model 1 0.262 0.033 0.262 0.295 102.3 93.3 63.0 89.8 116.3
model 2 0.262 0.295 102.3 116.3 89.8 102.3
model 3 0.262 0.262 0.033 0.523 102.3 116.3 93.3 104.8 63.0
model 4 0.262 0.033 0.262 0.295 102.3 116.3 63.0 110.2 93.3
Experimental laminate modulus with an adjusted transverse ply modulus
model 1 0.262 0.033 0.262 0.295 104.2 97.4 63.0 93.5 116.3
model 2 0.262 0.295 104.2 116.3 93.5 104.2
model 3 0.262 0.262 0.033 0.523 104.2 116.3 97.4 106.8 63.0
model 4 0.262 0.033 0.262 0.295 104.2 116.3 63.0 110.2 97.4
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Appendix
Shear Modulus Calculation
The Halpin-Tsai equation (1969), Equation 7.13 and Equation 7.14, is used as a basis 
for calculating the shear modulus, of a longitudinal fibre tow.
G LT
where.
7.13
Tl =
-  1
G„.
7.14
The bulk shear modulus for the fibres. Of and for the matrix, G,„ is calculated using the 
isotropic relations. Equation 7.15 and Equation 7.16 respectively.
E ,
2(1 + up 7.15
G = -----& ----’ 2(1 + u j 7.16
Using the values of Poisson’s ratio, v from Table 7.1, and assuming that v for the Pyrex 
matrix is 0.2. The fibre modulus and matrix modulus are taken as 200 GPa and 98 GPa 
(CAS) or 63 GPa (Pyrex) respectively. The shear modulus of the fibre and matrix is 
calculated as 89 GPa and 39 GPa (CAS) or 26 GPa (Pyrex) respectively. The fibre 
volume fraction, Vj  ^within a SiC/Pyrex tow was 47% and within a SiC/CAS tow was
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40%. As we are only considering the sheai" properties then the geometric term, ^ is 
considered as imity, Jones (1975). Based on this assumption, the longitudinal fibre tow 
shear modulus for the SiC/Pyrex laminate is 35.3 GPa, and for the SiC/CAS laminate is 
53.5 GPa.
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Transverse fibre region
Longitudinai fibre 
region
Matrix region
F ig u re  7.1 Schematic of the three regions in a woven fabric laminate used for the 
elastic modulus modelling.
ymax
F ig u re  7.2 Schematic representation of a longitudinal fibre tow as a sine wave.
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Figure 7.3 Schematic illustrating the longitudinal and transverse plies in a 
representative cross-ply laminate for the shear lag modelling
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Figure 7.4 Schematic of the shear lag modelling process, (a) woven laminate (b) 
equivalent cross-ply (c) sub-laminate (d) superimposed crack density (e) lamina 
position in models.
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Figure 7.5 Schematic illustrating the notation used for the moduli values and ply 
thicknesses in the calculation of the modulus of the representative sub-laminate.
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Figure 7.6 Shear lag modelling of a 8HSW SiC/CAS laminate using the theoretical 
laminate modulus.
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Figure 7.7 Shear lag modelling of a 8HSW SiC/CAS laminate using the experimental 
laminate modulus with an adjusted transverse ply modulus.
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Figure 7.8 Shear lag modelling of a PW SiC/CAS laminate using the theoretical 
laminate modulus.
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Figure 7.9 Shear lag modelling of a PW SiC/CAS laminate using the experimental 
laminate modulus with an adjusted transverse ply modulus.
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Figure 7.10 Shear lag modelling of a 5HSW SiC/Pyrex laminate using the theoretical 
laminate modulus.
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Figure 7.11 Shear lag modelling of a 5HSW SiC/Pyrex laminate using the experimental 
laminate modulus with an adjusted transverse ply modulus.
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Figure 7.12 Shear lag modelling of a PW SiC/Pyrex laminate using the theoretical 
laminate modulus.
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Figure 7.13 Shear lag modelling of a PW SiC/Pyrex laminate using the experimental 
laminate modulus with an adjusted transverse ply modulus.
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Figure 7.14 Shear lag modelling of a 8HSW SiC/CAS laminate using the theoretical 
moduli with a theoretical cracked ply thickness (theoretical) and realistic cracked ply 
thickness (real cracks).
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8.1 Introduction
This closing chapter summarises the results and the conclusions drawn from the 
experimental work undertalcen during this project. The aims of tire project described in 
section 1.4 have been meL Suggested areas for further work are presented, divided into 
short term and long term aims.
8.2 Conclusions
8.2.1 SiC/Pyrex
The mechanical behaviour of both plain weave and five harness satin weave SiC/Pyrex 
laminates has been investigated. The presence of cristobalite was observed in the 
laminates that were processed at a low temperatiue. There was, however, no cristobalite 
present in the microstructui'e of the high temperature processed laminates. Premature 
failure of the laminates processed at a low temperatuie was observed. This is attributed 
to the difference in thermal expansion coefficients of the matrix and cristobalite causing 
extensive matrix cracking prior to testing.
No such prematiue faihue of the laminates processed at a high temperatiue was 
observed. A linear elastic region was observed in the stress-strain curve with matrix 
microcracking and deviation from lineaiity initially seen at an applied strain of 0.04- 
0.06% (matrix microcracking strain tlueshold). Allowing for the volume fraction 
variation between the different laminates, the satin weave laminates showed a higher 
initial modulus than the plain weave laminates. This is expected and corroborated by 
other authors, for example Chou and Ishikawa (1982). The strain to failure is lower for 
the satin weave than for the plain weave SiC/Pyrex composites. This is consistent with 
the plain weave having more crimp regions so that it can extend fiuther when the matrix 
is fully cracked.
An increase in the applied strain shows a corresponding linear increase in the matrix
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microcracking density as measured by an edge replication technique. There was 
minimal difference between strain measurements made using strain gauges and 
extensometry.
Observation of the microcracks using edge replicas shows that the cracks are short and 
dispersed, and at high applied strains influenced by the weave architecture. The 
transverse (perpendiculai' to the applied load) crack density increases linearly with 
applied strain. At high strains longitudinal (parallel to the applied load) cracking is 
seen, and is thought to be driven by tluough-thiclaiess tensile stresses associated with 
the crimp regions. The plain weave material has more crimp regions and so a higher 
longitudinal crack density is measured for the same applied strain compared witii a satin 
weave laminate. Associated with the microcracking are large stiffness reductions and 
hysteretic behavioirr.
A shear* lag model as modified by Steif (1984) was used to predict the modulus 
reduction as a function of the matrix microcrack density. The woven laminate is 
considered as an equivalent cross-ply laminate, then converted into a sub-laminate 
comprising of matrix, longitudinal and transverse fibre regions. Different sub-laminate 
lay-ups affect the shear* lag prediction of the normalised nrodulus reduction. Depending 
on where the matrix microcracks are superimposed on the equivalent sub-laminate 
different predictions are obtained. The best prediction is when the matrix microcracks 
are superimposed on the matrix and transverse plies, consistent with experimental 
observations of the edge replicas in which the matrix cracks were seen to run through 
the matrix and transverse fibre bundle regions.
8.2.2 SiC/CAS
As with the SiC/Pyrex composite, the SiC/CAS composites shows a linear* elastic region 
in the stress-strain cm*ve, with deviation from linearity at an applied strain of
0.04-0.06%. The plain weave laminates have a lower initial modulus and a higher* strain 
to failure than the satin weave laminates. An overall reduction of 40-50% in the 
normalised modulus was observed, along with hysteretic behavioiu* and a permanent
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residual strain on unloading.
At comparable strains with the SiC/Pyrex laminates in which a high longitudinal crack 
density was observed, very little longitudinal cracking was seen in the SiC/CAS 
laminates. A possible reason for this^that the SiC/Pyrex composite has a lower 
interfacial shear strength than the SiC/CAS laminate, so the matrix cracks may be more 
easily deflected along the longitudinal fibre tow/matrix interface.
A reduction in the composite modulus was observed when the test coupons were cycled 
at an applied load equivalent to an applied strain below the matrix microcracking strain 
threshold. A likely reason is tliat there are matrix microcracks at a strain below the 
matrix microcracking strain tlueshold. However, these microcracks do not noticeably 
affect the linear elastic region of the stress-strain curve, and are not seen at the edge of 
the laminate using the edge replication tecluiique. On continued tensile fatigue cycling 
these microcracks grow tluough a possible sub-critical crack growth mechanism 
reducing die laminate modulus.
At strains above the matrix microcracking strain tlueshold the laminates show a 
reduction in the normalised modulus as the number of fatigue cycles increases. There is 
a corresponding approximately lineai* increase in the matrix microcracking density. The 
stiffness/crack density^for the samples loaded cyclically can be superimposed over the 
quasi-static data.
The same method of sheai* lag modelling used for the SiC/Pyrex laminates was used to 
predict the reduction in modulus for the SiC/CAS laminates. A reasonable correlation 
between the prediction and the experimental data was found when the matrix 
microcracks superimposed on the matrix and transverse plies of the equivalent sub­
laminate.
8 Concluding Remarks 175
8.3 Further Work
8.3.1 Short Term
An area to consider for fui’ther work would be a more extensive fatigue testing 
programme. The present work was aimed towards establishing tluesholds, investigating 
whether damage grew and obtaining stiffness-damage data. An investigation of fatigue 
failure would require an extension of the experimental fatigue testing of the 8HSW and 
PW SiC/CAS samples by the inclusion of more load levels. Another area would be to 
examine the effect of static fatigue on the SiC/CAS laminates, with particular reference 
to its role within cyclic mechanical fatigue loading.
A major piece of work required is the development of a model to predict crack 
accumulation under quasi-static loading. An initial attempt could be made by 
combining the stress analysis of the equivalent cross-ply laminate with a failure 
criterion. It would seem likely, however, that a micromechanical model may be 
required that considers the undulation of the fibre tow and its influence on the 
development on matrix damage within the composite. 0° ply cracking and hysteretic 
behavioiu would also need to be included within a complete model.
8.3.2 Long Term
The main long term aim would be to study the applicablility of this work to generic 
ceramic matrix composite systems. In particular, the use of this work for more 
commerically viable material systems, such as SiC/SiC.
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